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(54) OFDM PACKET COMMUNICATION RECEIVER 



(57) In an OFDM packet communication receiver, 
the deterioration of received signal quality is sup- 
pressed, even when carrier frequency error and/or clock 
frequency error exists between a transmitter and a re- 
ceiver, and/or phase noise and/or thermal noise is su- 
perimposed to a received signal in a receiver. The re- 
ceive system comprises a channel estimate means 
(106) for channel estimation by using subcarriers sepa- 
rated by a Fourier transformation, a coherent detection 
means (1 07) for coherent detection of subcarriers by us- 
ing result of channel estimation of an output of said 



channel estimate means, a clock frequency error esti- 
mate means (108, 110, 111) for estimating phase rota- 
tion (A6) of each subcarriers caused by clock frequency 
error ( f RCLK__ f TCLx) bv detecting phase rotation or ac- 
cumulated phase rotation between coherent detected 
signal (R1 , R2) and related reference signal (S1 through 
S16) by using a part of or all of the coherent detected 
signals, and a phase compensation means (109) for 
compensating phase rotation of coherent detected sig- 
nal according to estimated clock frequency error. Phase 
compensated signal is applied to a decision means 
(112) for deciding 1 or 0 of a symbol. 
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Description 

FIELD OF THE INVENTION 

5 [0001] The present invention relates to a packet communication receiver used in OFDM (Orthogonal Frequency 
Division Multiplexing) digital wireless communication system. In particular, it relates to an OFDM receiver for demod- 
ulating OFDM signals accurately with little process delay and high transmission efficiency, even when there is a sam- 
pling clock frequency error and/or a carrier frequency error between a transmitter and a receiver, and/or received 
signals are affected by phase noise and/or thermal noise. 

10 

BACKGROUND OF THE INVENTION 

[0002] An OFDM system is a kind of mufticarrier transmission system which divides an original high rate signal stream 
into a plurality of low rate parallel signal streams and transmits them simultaneously. In an OFDM system, each sub- 
's carrier is closely located orthogonally with one another on the frequency axis. In general, when high rate signals are 
transmitted through wireless channel, signal quality will be degraded because of inter-symbol interference due to multi- 
path propagation caused by reflection and/or diffraction. However, in mufticarrier systems such as OFDM systems, 
inter-symbol interference due to multi-path propagation is mitigated, because transmission rate of each subcarrier is 
decreased by the parallel transmission even in high rate transmission. 
20 [0003] Moreover, OFDM systems have an advantage that each subcarrier can be easily multiplexed at a baseband 
process part of a transmitter by using inverse fast Fourier transform (IFFT), and each subcarrier can be easily de- 
multiplexed at a baseband process part of a receiver by using fast Fourier transform (FFT). Therefore, both a transmitter 
and a receiver can be simplified in structure. Further, by utilizing the nature of Fourier transform, a transmitter may 
transmit each OFDM symbol having a guard interval which is obtained by cyclical extending an inverse fast Fourier 
25 transform output, and a receiver takes only signals which have less inter-symbol interference in OFDM signal stream 
by using FFT window, so that inter-symbol interference is further decreased. Furthermore, because of the presence 
of a guard interval, a receiver can demodulate signals with no interference originated in adjacent symbols, even when 
symbol timing, i.e. FFT window timing, has a small timing error within said guard interval due to noise component and 
suchlike. Thus, no accurate timing synchronization, which is essential in single-carrier transmission systems, is required 
30 jn OFDM systems. Accordingly, OFDM systems are suitable for high rate radio transmission. 

[0004] A prior OFDM packet communication receiver is described in accordance with Fig.43. It is assumed that a 
packet format shown in Fig.44 is used to transmit OFDM signals. 

[0005] In Fig.43, OFDM signals received by an antenna 1 are fed to a receiving circuit 2, which carries out receiving 
process including frequency conversion, filtering, orthogonal detection and analog-to-digital (A/D) conversion to input 
35 OFDM signals, and outputs baseband signals in complex form. Clock frequency error information signals provided by 
a clock frequency error detector 8 are fed to the receiving circuit 2. The details of a clock frequency error will be 
described later. The receiving circuit 2 carries out said receiving process and compensates the sampling clock fre- 
quency by controlling an analog oscillator which is used for A/D conversion and others by using said clock frequency 
error information. 

40 [0006] Output complex baseband signals of the receiving circuit 2 are fed to a synchronization circuit 3, which detects 
both carrier frequency error and OFDM symbol timing by using preamble signals for synchronization located in the 
header part of a packet, and outputs complex baseband signals after the carrier frequency error compensation process 
by using said detected carrier frequency error information. Moreover, the synchronization circuit 3 also outputs said 
detected OFDM symbol timing information. The OFDM symbol timing information is used in a succeeding guard interval 

45 removing circuit 4 which removes signals corresponding to guard intervals from the complex baseband signals, and 
extracts signals which are fed to a Fourier transform circuit 5. 

[0007] Output signals of the synchronization circuit 3, which are the signals with earner frequency error compensated 
and the OFDM symbol timing information signal, are fed to the guard interval removing circuit 4. The guard interval 
removing circuit 4 removes the signals corresponding to the guard interval from each OFDM symbol by applying the 
50 FFT window having time width equal to the difference of OFDM symbol duration and guard interval length so that the 
signals which should be fed to the Fourier transform circuit 5 are extracted. 

[0008] The output signals of the guard interval removing circuit 4 are fed to the Fourier transform circuit 5, which 
carries out fast Fourier transform to the input signals which are free from the guard interval to provide frequency com- 
ponents of each subcarrier, and outputs subcarrier signals each separated on baseband region. The Fourier transform 
55 circuit 5 carries out fast Fourier transform for each OFDM symbol, and outputs subcarrier signals of each OFDM symbol. 
[0009] Subcarrier signals, which are the output signals of the Fourier transform circuit 5, are fed to a coherent de- 
tection circuit 7, a channel estimator 6 and a clock frequency error detector 8. The clock frequency error detector 8 
detects phase rotation of each subcarrier caused by sampling clock frequency error used in the receiving circuit 2, 
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calculates sampling clock frequency error between a transmitter and a receiver based upon the detected phase rotation 
of the subcarriers, and outputs calculated clock frequency error information. 

[0010] For example, in the case where 16QAM modulation scheme is used to modulate each subcarrier, a signal 
after coherent detection is to locate one of 16 reference signals S1 through S16 as shown in Fig. 45. However, when 
5 there exists a sampling clock frequency error between a transmitter and a receiver, the signals which are coherent 
detected are subject to said phase rotation, and output signals from the coherent detection circuit 7 (e.g., R1 or R2 in 
Fig.45) do not coincide with one of the reference signals S1 through S16. 

[0011] Therefore, a clock frequency error detector 8 detects phase rotation of each subcarrier in each OFDM symbol. 

For instance, when an output signal of the coherent detection circuit 7 is R1 in Fig.45, the clock frequency error detector 
10 8 finds the reference signal S3 which is the closest to the input signal R1 among the reference signals S1 through S1 6, 

and detects the phase difference $1 between the reference signal S3 and the input signal R1 . Further, when an output 

signal of the coherent detection circuit 7 is R2 in Fig.45, the clock frequency error detector 8 finds the reference signal 

S6 which is the closest to the input signal R2 among the reference signals S1 through S16, and detects the phase 

difference^ between the reference signal S6 and the input signal R2. 
is [0012] Now, the phase rotation of output subcarrier signals of the Fourier transform circuit 5 in the case where there 

is a sampling clock frequency error between a transmitter and a receiver is explained. 

[0013] As mentioned above, the guard interval removing circuit 4 removes signals corresponding to a guard interval 
from each OFDM symbol by applying an FFT window by using symbol timing information obtained by preamble signals 
for synchronization located in the header part of a packet. However, when there exists a sampling clock frequency 
20 error between a transmitter and a receiver, timing difference between the symbol timing of each OFDM symbol and 
the FFT window timing depends upon the location of the OFDM symbol in the packet even in a single packet. Therefore, 
the FFT window timing at the OFDM symbol close to the head of a packet used for channel estimation differs from FFT 
window timing at other OFDM symbols. 

[0014] When a sampling clock frequency in a transmitter is f TCLK , a sampling clock frequency in a receiver is f RC LK. 
25 and symbol timing difference of an OFDM symbol which appears after t seconds from the OFDM symbol used for 
channel estimation is At, the following equation is obtained. 

t*fTCLK = (t-At)»f RCLK , (1) 

30 

[0015] When the ratio of sampling clock frequency error between a transmitter and a receiver to their reference 
sampling clock frequency is Ax, the following equation is satisfied. 

35 AX = ( f RCLK - f TCU<) /f CLK (2) 

where f CLK is a reference sampling clock frequency for a transmitter and a receiver. 
[0016] From said equations (1 ) and (2), said timing difference At is expressed as follows. 

40 

At = (fdxW)*Ax*t (3) 
Considering that f^ Mrcuo tnat is ^clk^rclk^ 1 . At ls approximated as follows. 

45 

At=Ax*t (4) 

[0017] Thus, it should be appreciated that an FFT window timing difference is proportional to elapsed time (t) and 
ratio (Ax) of sampling clock frequency error between a transmitter and a receiver to a reference sampling clock fre- 
50 quency. 

[0018] Above-mentioned FFT windowtiming difference affects to phase rotation of each subcarrier signal depending 
upon its subcarrier frequency because of fundamental principles of Fourier transform. Moreover, as an FFT window 
timing difference is proportional to elapsed time (t), the phase rotation is also proportional to elapsed time (t). Assuming 
that A(t) is result of Fourier transform of a(t), the result of Fourier transform of a(t+A t) is A(t)*exp(j2jcfAt). Therefore, 
55 when an FFT window timing difference at the guard interval removing circuit 4 is At (= Ax*t (equation (4)), a subcarrier 
signal provided by the Fourier transform circuit 5 has a phase rotation A6 as follows. 
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A9 = 2n * f * t * Ax (5) 

where f is a frequency offset between a subcanier frequency and a center frequency of a channel, t is time of the 
s current OFDM symbol elapsed from the OFDM symbols for channel estimation, and Ax is ratio of sampling clock 
frequency error between a transmitter and a receiver to a reference sampling clock frequency. 
[0019] Thus, when there exists a sampling clock frequency error between a transmitter and a receiver, a subcarrier 
signal provided by the Fourier transform circuit 5 has an undesirable phase rotation which increases or decreases 
proportional to time of the current OFDM symbol elapsed from the OFDM symbols for channel estimation, and frequency 
10 offset of the current subcarrier from a channel center frequency. 

[0020] The clock frequency error detector 8 detects sampling clock frequency error between a transmitter and a 
receiver, that is to say, phase rotation originated in sampling clock frequency error between a transmitter and a receiver, 
from output signals of the Fourier transf orm circuit 5, and calculates clock frequency error information according to the 
equation (5). 

is [0021] The clock frequency error information is fed to the receiving circuit 2. The receiving circuit 2 controls a fre- 
quency of an internal oscillator, which corresponds to a sampling clock frequency for AD conversion and others, ac- 
cording to said clock frequency error information so that the sampling clock frequency error between a transmitter and 
a receiver is removed. 

[0022] On the other hand, a channel estimator 6 estimates the condition of a transmission channel which transmits 
20 the OFDM signals of a current packet, by utilizing the received preamble signals for channel estimation which are 
known, located at the header part of the packet. Both amplitude and phase of each subcarrier signal shall fluctuate 
because of frequency selective fading caused by multi-path propagation. In this case, it is possible to estimate how 
amplitude and phase of each subcarrier signal have fluctuated through propagation path of the corresponding subcar- 
rier by comparing the received subcarrier signal with the known reference signal. 
25 [0023] Output signals of the channel estimator 6, i.e. the channel estimation results, are fed to a coherent detection 
circuit 7, and a weighting circuit 11 . 

[0024] The coherent detection circuit 7 carries out a coherent detection process to the input subcarrier signals by 
compensating each subcarrier signal for amplitude fluctuation and phase fluctuation originated in channel fluctuation 
and others by using said channel estimation results. It should be noted that propagation condition is almost constant 

30 during one packet transmission, because a packet length is sufficiently short in high rate packet communication systems 
which use OFDM technique and suchlike. Therefore, the coherent detection process can be performed even to the 
succeeding data symbols by using the channel estimation results, which are estimated by using the preamble signals 
for channel estimation at the header part of a packet. Output signals of the coherent detection circuit 7 are fed to a 
pilot signal phase rotation detector 1 0 and a phase compensator 9. 

35 [0025] The pilot signal phase rotation detector 1 0 extracts known pilot signals which are transmitted through at least 
one specific subcarrier on each OFDM symbol, and detects phase rotation of each extracted pilot signal originated in 
residual carrier frequency error and phase noise. The phase noise is the noise which is added to phase component of 
the received signal due to imperfection of analog devices of both a transmitting circuit in a transmitter and a receiving 
circuit in a receiver. A residual carrier frequency error is the frequency error which is undesirably left with the output 

40 signals of the synchronization circuit 3 due to imperfection of a carrier frequency synchronization process at the syn- 
chronization circuit originated in thermal noise added in the receiving circuit 2 and others. 

[0026] Now, phase rotation of output signals of the coherent detection circuit 7 in the case where there exist residual 
carrier frequency error and/or phase noise is explained briefly. 

[0027] When there is a residual carrier frequency error, a common frequency error is added to all the subcarrier 
45 frequencies of output OFDM signals of the synchronization circuit 3. Therefore, phase rotation Ay of each subcarrier 
originated in a residual carrier frequency error is expressed as follows. 

Ay = 2n * Af * t (6) 

so 

where Af is a residual carrier frequency error, and t is elapsed time from the channel estimation at the header part of 
a packet. 

[0028] As shown in the equation (6), the phase rotation of each subcarrier originated in a residual carrier frequency 
error is common to all the subcaniers, and constant amount of phase rotation increases for each OFDM symbol. 
55 [0029] On the other hand, it can be assumed that phase rotation added to each OFDM signal originated in phase 
noise is constant during one OFDM symbol, because phase noise added to OFDM signals in the receiving circuit 2 
varies slowly compared to OFDM symbol duration. Moreover, output signals of the Fourier transform circuit 5 shall 
have the same phase rotation as the phase rotation added to the input signals in the case where common phase 
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rotation is added to input signals of the Fourier transform circuit 5, because the Fourier transform is a type of linear 
transform. Therefore, phase rotation originated in phase noise is common to ail the subcarriers in one OFDM symbol, 
as is the case of a residual carrier frequency error. Furthermore, the change of phase noise among some adjacent 
OFDM symbols is also small, because the phase noise varies slowly compared to OFDM symbol duration as above- 
5 mentioned. 

[0030] By the way, it is fundamentally impossible to compensate the phase rotation which varies for each OFDM 
symbol, because the coherent detection circuit 7 carries out coherent detection process by the use of the channel 
estimation result of each subcarrier obtained by using the OFDM symbol for channel estimation located at the header 
part of a packet. Therefore, the coherent detection circuit 7 outputs the signals which include phase rotation common 

10 to all the subcarrier signals in each OFDM symbol, originated in residual carrier frequency error and phase noise. 
[0031 ] The pilot signal phase rotation detector 1 0 detects phase rotation for each OFDM symbol originated in residual 
carrier frequency error and phase noise in pilot signals included in output signals of the coherent detection circuit 7. 
The pilot signal phase rotation extraction circuit 10 outputs phase rotation information of each pilot signal. Output 
signals of the pilot signal phase rotation detector 10 are fed to a weighting circuit 11 . 

15 [0032] The weighting circuit 11 weights phase rotation information which are provided by the pilot signal phase ro- 
tation detector 10 according to channel estimation result of each subcarrier provided by the channel estimator 6. For 
instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase rotation infor- 
mation of the pilot signal transmitted by the corresponding subcarrier is weighted with a large weight coefficient, and 
when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight coefficient. The 

20 above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rotation of pilot signal 
which has low signal level, and accurate phase rotation can be obtained. For example, an weighted phase rotation 
information signal of each pilot signal can be obtained by forming a vector signal whose phase component and amplitude 
component are equal to the input phase rotation and the signal level derived from the channel estimation result, re- 
spectively. The weighted phase rotation information of the pilot signals (or the vector signals corresponding to said 

25 pilot signals) of each OFDM symbol are provided by the weighting circuit 11 . Output signals of the weighting circuit 11 
are fed to an intra-symbol averaging circuit 12. 

[0033] The intra-symbol averaging circuit 1 2 averages the weighted phase rotation information of pilot signals within 
one OFDM symbol. In the above embodiment, the vector sum of the vector signals corresponding to the pilot signals 
in each OFDM symbol is calculated, so that the weighted phase rotation information is averaged. In this case, the 

30 phase of the vector sum shows averaged and weighted phase rotation information. 

[0034] The phase rotation of each subcarrier originated in both residual carrier frequency error and phase noise is 
almost uniform in each OFDM symbol. Therefore, the phase rotation originated in residual carrier frequency error and 
phase noise, which provides common phase rotation to all the subcarrier signals of one OFDM symbol, is accurately 
obtained by averaging phase rotation information of the pilot signals within each OFDM symbol. The intra-symbol 

35 averaging circuit 12 provides weighted and averaged phase rotation information of pilot signals within each OFDM 
symbol to a moving average circuit 13. 

[0035] The moving average circuit 13 takes time-oriented moving average of the input phase rotation information 
signals through multiple OFDM symbols. This time-oriented moving average suppresses noise component such as 
thermal noise added to signals in the receiving circuit 2. 

40 [0036] Output signals of the moving average circuit 1 3 are fed to a phase compensator 9. 

[0037] The phase compensator 9 compensates phase rotation of each subcarrier signal provided by the coherent 
detection circuit 7 originated in residual carrier frequency error and phase noise which are common in all the subcarrier 
signals within each OFDM symbol. The phase compensated signals are fed to a decision circuit 14. 
[0038] The decision circuit 1 4 carries out a symbol decision process to data signals which are provided by the phase 

45 compensator 9 after phase compensation. 

[0039] As described above, when sampling clock frequency has an error between a transmitter and a receiver, if 
coherent detection is carried out with no clock frequency error compensation, a receiver can not detect phase of each 
subcarrier signal correctly due to phase rotation of each subcarrier signal, and therefore, signal quality is considerably 
degraded. Therefore, a prior receiver detects clock frequency error between a transmitter and a receiver from subcarrier 

50 signals which are obtained after Fourier transform, and directly controls the sampling clock frequency, which is com- 
monly used in various circuits in a receiver, by using analog process according to the detected clock frequency error 
information, so that sampling clock frequency error between a transmitter and a receiver is removed. 
[0040] However, the control through analog process requires many complicated analog circuits. Moreover, it is difficult 
for analog process to realize high compensation accuracy. Therefore, a prior receiver can not obtain high transmission 

55 quality. In addition, it consumes much power. 

[0041] On the other hand, to achieve coherent detection of OFDM packet signals affected by a carrier frequency 
error between a transmitter and a receiver, a carrier frequency error is detected by using the preamble signals for 
synchronization located at the header part of each OFDM packet, and compensated for complex baseband signals 
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after the receiving process. 

[0042] However, detected carrier frequency error generally includes some detection error because thermal noise is 
superimposed on received signals in receiving process which includes frequency conversion, orthogonal detection and 
others. Therefore, it is difficult for the above-mentioned carrier frequency compensation process to accurately com- 

5 pensate a carrier frequency error, and transmission quality is degraded due to the phase rotation of each subcarrier 
signal originated in carrier frequency error left in the received signals (i.e. the residual carrier frequency error). In order 
to compensate degradation of transmission quality originated in residual carrier frequency error, a prior receiver detects 
phase rotation originated in said residual carrier frequency error from the known pilot signals after coherent detection. 
[0043] By the way, the phase rotation information of considerably large number of pilot signals must be detected and 

10 averaged to accurately detect the phase rotation originated in residual carrier frequency error, because the effect of 
thermal noise added to the received signals must be sufficiently mitigated. 

[0044] However, the number of subcarriers, which transmit pilot signals, must be sufficiently small in terms of high 
spectrum efficiency. Therefore, the phase rotation information detected from many pilot signals spreading many OFDM 
symbols must be averaged for sufficient averaging. However, the above-mentioned time-oriented averaging process 

15 through many OFDM symbols deteriorates system throughput performance because of inevitable long process delay. 
Moreover, a prior art can not sufficiently average the phase rotation information of the OFDM symbols close to the 
head of a packet due to fundamental characteristic of time-oriented averaging process. Accordingly, a prior receiver 
has disadvantage that phase rotation originated in residual earner frequency error included in OFDM symbols close 
to the head of a packet can not be well compensated. 

20 [0045] Moreover, in a prior art, to compensate phase rotation of each subcarrier signal after coherent detection, 
which is originated in residual carrier frequency error and phase noise, phase rotation of the signal corresponding to 
a pilot signal after coherent detection is first detected, detected value is weighted according to received signal level of 
the pilot signal, and averaged in each OFDM symbol, and further, moving average of the phase rotation is taken among 
multiple OFDM symbols for decreasing affection by thermal noise, then, by using the measured result, phase rotation 

25 of each subcarrier signals after coherent detection is compensated. 

[0046] However, in an actual receiver, thermal noise is superimposed on received signals in the receiving circuit 2 
which processes the received signals in analog form, and the receiving circuit 2 outputs complex baseband signals 
which include noise component originated in said thermal noise. The noise component can not be removed in the 
synchronization circuit 3, the guard interval removing circuit 4 and the Fourier transform circuit 5. Therefore, signal 

30 quality of each subcarrier signal which is the output of the Fourier transform circuit 5 is deteriorated because of noise 
component in the case where noise component is superimposed on the received signals of the receiving circuit 2. 
[0047] On the other hand, the channel estimator 6 estimates the condition of a channel which transmits the received 
OFDM signals by using only fixed length preamble signals (Fig.44) for channel estimation located at the header part 
of a packet among all the signals provided by the Fourier transform circuit 5. The length of preamble signals for channel 

35 estimation is generally set to be short to realize high throughput performance. Therefore, accuracy of channel estimation 
at the channel estimator 6 shall be deteriorated in the case where subcarrier signals provided by the Fourier transform 
circuit 5 are deteriorated due to said noise component. When accuracy of channel estimation is decreased, decreased 
channel estimation result of each subcarrier is applied to the weighting circuit 1 1 . Therefore, the weighting circuit 11 
weights the phase rotation information of each pilot signal according to inaccurate signal level information. The intra- 

40 symbol averaging circuit 1 2 and the moving average circuit 1 3 can not compensate the effect of the above-mentioned 
inaccurate weighting in principle. As a result, the phase rotation compensator 9 carriers out inaccurate phase rotation 
compensation, thus, signal quality is much deteriorated. 

[0048] In a prior art, in order to avoid decrease of accuracy of channel estimation due to thermal noise, a number of 
preamble signals are transmitted so that they are averaged to suppress noise component in a receiver for decreasing 

45 affection of thermal noise, and/or moving average of received preamble signals for channel estimation is taken on 
frequency axis (i.e. frequency-oriented moving average) for suppressing noise component and decreasing affection 
of thermal noise. However, the former has the disadvantage that transmission efficiency, that is throughput perform- 
ance, is decreased, because ratio of preamble signals to all the signals in a packet is increased. The latter has the 
disadvantage that accuracy of channel estimation is decreased because of moving average on frequency axis which 

50 can not follow large change of channel condition between thesubcarriers. Thus, in a prior art, weighting operation by 
using accurate signal level information is difficult, and high transmission quality can not be obtained. 
[0049] Further, phase component of output signals provided by the intra-symbol averaging circuit 12 includes accu- 
mulated phase rotation components originated in phase noise, residual carrier frequency error, and thermal noise. 
[0050] The moving average circuit 1 3 in Fig.43 functions to decrease phase rotation component originated in thermal 

55 noise in the output signals of the intra-symbol averaging circuit 1 2, so that the succeeding circuits can accurately detect 
the phase rotation component originated in phase noise and residual carrier frequency error. 
[0051] In moving average of signals, when variation of desired signal is small in a fixed period subject to moving 
average, it is possible to detect signal component of desired signal with mitigating the effect of thermal noise. However, 
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when variation of desired signal is large within a period subject to moving average, moving average functions not only 
smoothing of noise component, but also desired signal. Therefore, signal quality is degraded because of moving av- 
erage process itself. 

[0052] In practice, phase rotation component originated in phase noise varies very little in several OFDM symbols. 
s Thus, moving average process does not change phase rotation component originated in phase noise. However, ac- 
cumulated phase rotation component originated in residual carrier frequency error increases (or decreases) monoto- 
nously, and further, as increase of the accumulated phase rotation in each OFDM symbol is relatively large, signal 
component is deteriorated by moving average operation. 

[0053] Therefore, a phase rotation component originated in residual carrier frequency error of the output signals of 
10 the moving average circuit 13 includes a specific error which is proportional to residual carrier frequency error and 
period of moving average operation. 

[0054] Thus, a prior art has the disadvantage that when the phase rotation compensator 9 compensates phase 
rotation of each subcarrier by using phase rotation information after moving average operation at the moving average 
circuit 13, the compensated signal is deteriorated proportional to residual carrier frequency error and period of moving 
15 average operation. 

[0055] An object of the present invention is to suppress deterioration of transmission quality even when there is a 
sampling clock frequency error between a transmitter and a receiver, with simple circuit structure, in an OFDM packet 
communication receiver. 

[0056] Another object of the present invention is to provide accurate demodulation of OFDM signals with short delay 
20 time even when carrier frequency error between a transmitter and a receiver exists, and/or thermal noise exists. 

[0057] Still another object of the present invention is to suppress the deterioration of transmission quality with no 
decrease of throughput performance with simple circuit structure, even when thermal noise is added to the received 
signals in a receiver. 

25 SUMMARY OF THE INVENTION 

[0058] In order to achieve said object, the feature of the present invention resides in an OFDM packet communication 
receive system comprising; a receive means (102) for receiving an OFDM signal and carrying out a predetermined 
receive process to said OFDM signal; a synchronization means (103) for timing synchronization and carrier frequency 

30 synchronization for a receive signal of an output of said receive means (102); a Fourier transform means (105) for 
Fourier transformation of said receive signal so that separate sub-carriers of each OFDM signal are provided; a channel 
estimate means (1 06) for channel estimation by using each sub-carriers separated by said Fourier transform means; 
a coherent detection means (107) for coherent detection of sub-carriers separated by said Fourier transform means 
by using channel estimation of an output of said channel estimate means; wherein a clock frequency error estimate 

35 means (1 00) is provided for measuring phase rotation or accumulated phase rotation caused by clock frequency error 
between a transmit side and a receive side by measuring phase difference between a detected signal (R1 , R2) and a 
reference signal (S1 through S1 6), and generating phase rotation (A 6) of a sub-carrier caused by said clock frequency 
error (f RC tK " hcu<Y> a phase rotation compensation means (1 09) for compensating phase rotation of a detected signal 
of an output of said coherent detection means caused by said clock frequency error of an output of said clock frequency 

40 error estimate means; and a decision means (1 1 2) for deciding 1 or 0 of an output of said phase rotation compensation 
means. 

[0059] Another feature of the present invention resides in an OFDM packet communication receive system compris- 
ing; receive means for receive process of a receive signal; synchronization means for timing synchronization and carrier 
frequency synchronization for an output of said receive means; Fourier transform means for Fourier transform of an 

45 output of said synchronization means for separating receive signal into a plurality of sub-carriers; channel estimate 
means for estimating channel condition of each sub-carrier; coherent detection means for coherent detection of each 
sub-carrier according to channel estimate result of an output of said channel estimate means; residual carrier frequency 
error measure means for measuring phase rotation of a part or all of an output of said coherent detection means; phase 
rotation estimate means for estimating phase rotation of an output of said coherent detection means according to 

50 carrier frequency error supplied by said synchronization means and residual carrier frequency error supplied by said 
residual carrier frequency error measure means; phase rotation compensation means for compensating phase rotation 
of an output of said coherent detection means according to an output of said phase rotation estimate means. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 

[0060] 

Fig. 1 is a block diagram of a first embodiment of an OFDM packet communication receiver according to the present 
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invention, 

Fig.2 is a block diagram of a second embodiment of an OFDM packet communication receiver, 
Fig.3 is a block diagram of a third embodiment of an OFDM packet communication receiver, 
Fig.4 is a block diagram of a fourth embodiment of an OFDM packet communication receiver, 

5 Fig.5 is a block diagram of a fifth embodiment of an OFDM packet communication receiver, 

Fig.6 is a block diagram of a sixth embodiment of an OFDM packet communication receiver, 
Fig.7 is a block diagram of a seventh embodiment of an OFDM packet communication receiver, 
Fig. 8 is a block diagram of a eighth embodiment of an OFDM packet communication receiver, 
Fig.9 is a block diagram of a ninth embodiment of an OFDM packet communication receiver, 

io Fig.1 0 is a block diagram of a tenth embodiment of an OFDM packet communication receiver, 

Fig.11 is a block diagram of an eleventh embodiment of an OFDM packet communication receiver, 
Fig. 12 is a block diagram of a twelfth embodiment of an OFDM packet communication receiver, 
Fig. 13 is a block diagram of a thirteenth embodiment of an OFDM packet communication receiver, 
Fig. 14 is a block diagram of a fourteenth embodiment of an OFDM packet communication receiver, 

is Fig. 15 is a block diagram of a fifteenth embodiment of an OFDM packet communication receiver, 

Fig.1 6 is a block diagram of a sixteenth embodiment of an OFDM packet communication receiver, 
Fig.1 7 is a block diagram of a seventeenth embodiment of an OFDM packet communication receiver, 
Fig.1 8 is a block diagram of a eighteenth embodiment of an OFDM packet communication receiver, 
Fig.1 9 is a block diagram of a nineteenth embodiment of an OFDM packet communication receiver, 

20 Fig.20 is a block diagram of a twentith embodiment of an OFDM packet communication receiver, 

Fig.21 is a block diagram of a twenty-first embodiment of an OFDM packet communication receiver, 
Fig.22 is a block diagram of a twenty-second embodiment of an OFDM packet communication receiver, 
Fig.23 is a block diagram of a twenty-third embodiment of an OFDM packet communication receiver, 
Fig.24 is a block diagram of a twenty-fourth embodiment of an OFDM packet communication receiver, 

25 Fig.25 is a block diagram of a twenty-fifth embodiment of an OFDM packet communication receiver, 

Fig .26 is a block diagram of a twenty-sixth embodiment of an OFDM packet communication receiver, 
Fig.27 is a block diagram of a twenty-seventh embodiment of an OFDM packet communication receiver, 
Fig .28 is a block diagram of a twenty-eighth embodiment of an OFDM packet communication receiver, 
Fig.29 is a block diagram of a twenty-ninth embodiment of an OFDM packet communication receiver, 

30 Fig.30 is a block diagram of a thirtith embodiment of an OFDM packet communication receiver, 

Fig.3 1 is a block diagram of a thirty-first embodiment of an OFDM packet communication receiver, 
Fig.32 is a block diagram of a thirty-second embodiment of an OFDM packet communication receiver, 
Fig.33 is a block diagram of a thirty-third embodiment of an OFDM packet communication receiver, 
Fig.34 is a block diagram of a thirty-fourth embodiment of an OFDM packet communication receiver, 

35 Fig.35 is a block diagram of a thirty-fifth embodiment of an OFDM packet communication receiver, 

Fig.36 is a block diagram of a thirty-sixth embodiment of an OFDM packet communication receiver, 
Fig.37 is a block diagram of a thirty-seventh embodiment of an OFDM packet communication receiver, 
Fig.38 is a block diagram of a thirty-eighth embodiment of an OFDM packet communication receiver, 
Fig.39 is a block diagram of a thirty-ninth embodiment of an OFDM packet communication receiver, 

to Fig.40 is a block diagram of a fortity embodiment of an OFDM packet communication receiver, 

Fig.4 1 is a block diagram of a forty-first embodiment of an OFDM packet communication receiver, 
Fig.42 is a block diagram of a forty-second embodiment of an OFDM packet communication receiver, 
Fig. 43 is a block diagram of a prior OFDM packet communication receiver, 
Fig. 44 shows a packet format of an OFDM signal, 

45 Fig.45 shows a signal modulated in 16QAM modulation system, and 

Fig. 46 shows a signal modulated in BPSK modulation system. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

50 (First embodiment) 

[0061] Fig.1 shows a block diagram of the first embodiment of the present OFDM packet communication receiver, 
and it relates to claim 1 . 

[0062] In the embodiment, receiving means, synchronization means, Fourier transform means, channel estimation 
55 means, coherent detection means, clock frequency error estimation means, and phase rotation compensation means 
in claim 1 correspond to a receiving circuit 1 02, a synchronization circuit 1 03, a Fourier transform circuit 1 04, a channel 
estimator 106, a coherent detection circuit 107, a clock frequency error estimation block 100, and a phase rotation 
compensator 1 09, respectively. 
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[0063] An OFDM signal received by an antenna 101 is applied to the receiving circuit 102, which carries out a re- 
ceiving process including frequency conversion, filtering, orthogonal detection, and A/D conversion. Then, the receiving 
circuit 102 provides complex baseband signal which is an output of the receiving process. 

[0064] An output signal of the receiving circuit 102 is applied to a synchronization circuit 103, which detects carrier 
5 frequency error and OFDM symbol timing by using a preamble signal for synchronization (see Fig. 44) included in the 
complex baseband signal, and carries out carrier frequency error compensation for the complex baseband signal by 
using the detected carrier frequency error. 

[0065] The synchronization circuit 1 03 outputs a complex baseband signal which is compensated carrier frequency 
error, and a symbol timing information The output signals of the synchronization circuit 103 are applied to a guard 

10 interval removing circuit 1 04. The detected OFDM symbol timing information is used to remove a guard interval which 
exists each OFDM symbol of received OFDM signals so that useful signal component in an OFDM symbol is taken out. 
[0066] The guard interval removing circuit 1 04 carries out FFT window process to an input complex baseband signal 
by using symbol timing information supplied by the synchronization circuit 103. In other words, signal components 
having time width equal to that of FFT window are taken out from each OFDM symbol of the complex baseband signals, 

15 so that a guard interval is removed. The time width of FFT window is equal to time difference between symbol length 
of an OFDM symbol and length of a guard interval. 

[0067] A complex baseband signal whose guard interval is removed by the guard interval removing circuit 104 is, 
for each OFDM symbol, applied to a Fourier transform circuit 105, which carries out fast Fourier transform to each 
OFDM symbol of input complex baseband signals, so that the input signals are divided into signal components of a 
20 plurality of subcarriers. 

[0068] Subcarrier signals divided by the Fourier transform circuit 1 05 are applied to a coherent detection circuit 1 07 
and a channel estimator 106. The channel estimator 1 06 estimates channel condition, which each subcarrier signal is 
transmitted, by using a preamble signals for channel estimation (see Fig.44). 

[0069] The channel estimation result which is provided by the channel estimator 1 06 shows, for instance, how each 
25 subcarrier is affected in phase and amplitude by fading. The channel estimation result is applied to a coherent detection 
circuit 107. 

[0070] The coherent detection circuit 1 07 carries out coherent detection by compensating the amplitude fluctuation 
and the phase rotation, caused by fading and others, of each subcarrier signal supplied by the Fourier transform circuit 
105, by using the channel estimation result of each subcarrier supplied by the channel estimator 1 06. 
30 [0071] An output signal of the coherent detection circuit 1 07 is applied to a phase rotation compensator 1 09, and a 
clock frequency error estimation block 1 00. The latter is comprised of a phase rotation detector 1 08, a clock frequency 
error estimator 110, and a phase rotation calculator 111 . 

[0072] For example, in the case where 16QAM modulation scheme is used to modulate each subcarrier, a signal 
after coherent detection is to locate one of 16 reference signals S1 through S16 as shown in Fig. 45. However, when 
35 there exists a sampling clock frequency error between a transmitter and a receiver, the signals which are coherent 
detected are subject to said phase rotation, and output signals from the coherent detection circuit 107 (e.g., R1 or R2 
in Fig.45) do not coincide with one of the reference signals S1 through S16. An amount of phase rotation of detected 
signal depends upon each detected signal. 

[0073] The phase rotation detector 108 in the clock frequency error estimation block 100 detects phase rotation or 
to accumulated phase rotation of each detected subcarrier signal. For instance, when an output signal of the coherent 
detection circuit 107 is R1 in Fig.45, the phase rotation detector 108 finds the reference signal S3 which is the closest 
to the input signal R1 among the reference signals S1 through S16, and detects the phase difference $ 1 between the 
reference signal S3 and the input signal R1 . Further, when an output signal of the coherent detection circuit 1 07 is R2 
in Fig.45, the phase rotation detector 108 finds the reference signal S6 which is the closest to the input signal R2 
45 among the reference signals S1 through S16, and detects the phase difference $2 between the reference signal S6 
and the input signal R2. 

[0074] The phase rotation caused by clock frequency error is expressed by the equation (5). As the phase rotation 
(AG) (e.g., <|>1 or $2 in Fig.45) caused by clock frequency error, elapsed time (t) from the channel estimation, and 
frequency offset (f) of each subcarrier from channel center frequency are known, ratio (Ax) of sampling clock frequency 
50 error between a transmitter and a receiver to a reference sampling clock frequency can be calculated by using the 
equation (5). Further, as the reference sampling clock frequency (fd^) is known, amount of frequency error (fRcuc 
f Tcu<) of sampling frequency between a transmitter and a receiver can be calculated, from the ratio ( Ax) of sampling 
frequency error between a transmitter and a receiver to the reference sampling frequency. 

[0075] A clock frequency error estimator 110 receives phase rotation information of each detected signal supplied 
55 by the phase rotation detector 108 for each OFDM symbol, and estimates ratio of sampling clock frequency error 
between a transmitter and a receiver to a reference sampling clock frequency (i.e., dock frequency deviation), or it 
estimates amount of clock frequency error between a transmitter and a receiver (i.e., clock frequency error), by using 
the equation (5). 
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[0076] The phase rotation calculator 1 1 1 receives the clock frequency error or the clock frequency deviation supplied 
by the clock frequency error estimator 110, and calculates phase rotation of each detected signal supplied by the 
coherent detection circuit 1 07, caused by clock frequency error. The phase rotation is calculated by using the equation 
(5). 

5 [0077] The phase rotation compensator 109 receives detected signal from the coherent detection circuit 107, and 
carries out phase compensation process for removing phase rotation caused by dock frequency error according to 
phase rotation information supplied by the phase rotation calculator 111 . 

[0078] A decision circuit 112 receives a phase compensated detected signal supplied by the phase rotation com- 
pensator 109. The decision circuit 112 discriminates a symbol of data signal in a detected signal (see Fig.44), and 

10 provides the result as a demodulated output. When 16 QAM modulation scheme is used to modulate each subcarrier, 
the decision circuit 112 discriminates which reference signal among signals S1 through S16 each detected signal 
coincides. Since phase rotation is compensated by the phase rotation compensator 109 before a symbol is discrimi- 
nated, the symbol discrimination is carried out free from clock frequency error. Thus, accurate clock frequency syn- 
chronization which is impossible in a prior art is realized. Further, as mentioned above, clock frequency error compen- 

15 sation is earned out through digital process, thus, no complicated analog circuit is required, and power consumption 
can be suppressed. 

(Second embodiment) 

20 [0079] The second embodiment which is a modification of the first embodiment is described in accordance with Fig. 
2. This embodiment is directed to claim 2. In Fig.2, the same numerals as those in Fig.2 show the same members. 
[0080] In Fig.2, a clock frequency estimation block 200 comprises a weighting circuit 201 , a smoothing circuit 202, 
a phase rotation detector 203, a clock frequency error estimator 110, and a phase rotation calculator 111. 
[0081 ] The weighting circuit 20 1 receives an output signal of the coherent detection circuit 1 07 and channel estimation 

25 result of each subcarrier provided by the channel estimator 106. The weighting circuit 201 detects phase rotation 
information of an output of the coherent detection circuit 107 from reference signal, and then, gives an weight to the 
detected phase rotation information according to the channel estimation result provided by the channel estimator 1 06. 
[0082] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
rotation information of the detected signal transmitted by the corresponding subcarrier is weighted with a large weight 

30 coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rota- 
tion of signal which has low signal level, and accurate clock frequency error estimation can be realized. 
[0083] An output of the weighting circuit 201 is applied to the smoothing circuit 202, which calculates moving average 
of the weighted phase rotation information on time axis for each subcarrier, so that the weighted phase rotation is 

35 smoothed. This smoothing operation functions to avoid degradation of signal quality due to thermal noise superimposed 
on a received signal in the receiving circuit 102. 

[0084] The phase rotation detector 203 receives an output of the smoothing circuit 202, and detects phase rotation 
(e.g., 4>1 or $2 in Fig. 45) or accumulated phase rotation of each detected signal caused by clock frequency error. 
[0085] The clock frequency error estimator 110 estimates clock frequency deviation or clock frequency error accord- 
40 ing to the equation (5) by using the phase rotation information or the accumulated phase rotation information provided 
by the phase rotation detector 203. 

[0086] The phase rotation calculator 111 calculates phase rotation information of each detected signal, which is an 
output of the coherent detection circuit 1 07, according to the dock frequency error information estimated by the dock 
frequency error estimator 110. This phase rotation information is obtained by the equation (5). An output of the phase 

45 rotation calculator 1 1 1 is applied to the phase rotation compensator 1 09. 

[0087] When signal quality depends upon each subcarrier, the weight to the phase rotation of a subcarrier with good 
signal quality is high so that the fading affects a little. Thus, the clock frequency error is detected more accurately. 
Further, the smoothing operation of the weighted phase rotation on time axis suppresses the affection by thermal noise 
and others, so that the clock frequency error is detected further more accurately. Thus, highly accurate clock frequency 

so compensation which is impossible in a prior art, is obtained. Further, as the clock frequency error compensation is 
carried out through digital process, no complicated analog compensation circuit is required, and power consumption 
is suppressed. 

(Third embodiment) 

55 

[0088] The third embodiment is described in accordance with Fig.3, which is directed to daim 3, and is a modification 
of Fig.1 . In Fig.3, the same numerals as those in Fig.1 show the same members. 

[0089] In Fig.3, a clock frequency error estimation block 300 comprises a pilot signal extractor 301 , a phase rotation 
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detector 302, a clock frequency error estimator 303, and a phase rotation calculator 111 . 

[0090] This embodiment has the feature that a part of subcarriers in an OFDM signal transmit a known pilot signal. 
[0091] A pilot signal extractor 301 receives output signals of the coherent detection circuit 107, and extracts pilot 
signals. 

5 [0092] A phase rotation detector 302 receives the extracted pilot signals, and detects phase rotation or accumulated 
phase rotation of each pilot signal. 

[0093] It should be noted that as a pilot signal is known, the reference signal of the pilot signal is also known. There- 
fore, when phase rotation of a pilot signal is only detected, no discrimination of reference signal is required, and thus, 
the signal processing is simplified. Further, even when high noise is added to a detected signal, no wrong discrimination 
10 of a reference signal of a detected signal occurs, and thus, phase rotation is detected more accurately. 

[0094] A clock frequency error estimator 303 receives a phase rotation information or an accumulated phase rotation 
information provided by the phase rotation detector 302 for each detected signal, and estimates clock frequency de- 
viation or clock frequency error. 

[0095] A phase rotation calculator 111 calculates phase rotation, which is caused by clock frequency error, of a 
15 detected signal provided by the coherent detection circuit 1 07 for each detected signal, according to clock frequency 
deviation or clock frequency error estimated by the clock frequency error estimator 303. The phase rotation is obtained 
based upon the equation (5). 

[0096] The phase rotation compensator 109 compensates phase rotation of an output of the coherent detection 
circuit 1 07 due to clock frequency error, according to phase rotation information provided by the phase rotation calcu- 
20 lator111. 

[0097] Thus, when known pilot signals are transmitted by using a part of subcarriers in OFDM signals, a clock fre- 
quency error is detected by using the pilot signals. Thus, a clock frequency error can be detected by using only a part 
of detected signals, thus, a circuit for clock frequency error estimation can be simplified. Further, even when high noise 
is added to a received signal, no wrong discrimination of a reference signal of a detected signal occurs, and thus, a 
25 clock frequency error is detected more accurately. 

[0098] Thus, highly accurate clock frequency compensation which is impossible in a prior art can be realized with a 
simple circuit. Further, as a clock frequency error is compensated through digital process, no complicated analog 
compensation circuit is required, and thus, power consumption is suppressed. 

30 (Fourth embodiment) 

[0099] The fourth embodiment of the present invention is described in accordance with Fig.4 which is directed to 
claim 4 and is a modification of Fig.1 . The same numerals in Fig.4 show the same members as those in Fig.1 . 
[0100] A clock frequency estimation block 400 in Fig.4 comprises a pilot signal extractor 401 , an weighting circuit 
35 402, a smoothing circuit 403, a phase rotation detector 404, a clock frequency error estimator 405, and phase rotation 
calculator 111. 

[0101] This embodiment has feature that known pilot signals are transmitted by using a part of subcarriers included 
in OFDM signals. 

[0102] The pilot signal extractor 401 receives output signals of the coherent detection circuit 107, and extracts only 
40 pilot signal components. 

[01 03] The weighting circuit 402 takes the phase rotation information of the pilot signals extracted by the pilot signal 
extractor 401 and gives a weight to the phase rotation information according to the channel estimation result which is 
the output of the channel estimator 106. 

[0104] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
45 rotation information of the pilot signal transmitted by the corresponding subcarrier is weighted with a large weight 
coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rota- 
tion of pilot signal which has low signal level, and accurate clock frequency error estimation can be realized 
[01 05] An output of the weighting circuit 402 is applied to the smoothing circuit 403, which calculates moving average 
50 of the weighted phase rotation along time axis for each subcarrier. Thus, the smoothing circuit 403 smoothes the 
weighted phase rotation information. The smoothing operation removes the degradation of signal quality due to the 
effect of thermal noise and others added at the receiving circuit 1 02. 

[01 06] The phase rotation detector 404 receives the weighted and smoothed phase rotation information, and detects 
the phase rotation (e.g., $1 or 02 in Fig.45) or the accumulated phase rotation caused by the clock frequency error for 
55 each pilot signal. 

[0107] The clock frequency error estimator 405 calculates the clock frequency deviation or the clock frequency error 
according to the equation (5) by using the phase rotation or the accumulated phase rotation of each pilot signal. 
[0108] The phase rotation calculator 111 calculates the amount of phase rotation of the coherent detected signal 
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provided by the coherent detection circuit 1 07 according to the clock frequency error information provided by the clock 
frequency error estimator 405. This phase rotation is calculated according to said equation (5). An output of the phase 
rotation calculator 111 is applied to the phase rotation compensator 109. 

[0109] As described above, when pilot signals are transmitted by using a part of subcarriers in OFDM signals, a 
5 clock frequency error is detected by using the pilot signals, thus, the clock frequency is detected by using only a part 
of OFDM signals, and thus, the circuit structure is simplified. Further, even when high noise is added to a coherently 
detected signal, a clock frequency error is detected accurately, since reference signal of each detected signal is dis- 
criminated correctly. 

[01 10] Further, when signal quality depends upon each subcarrier, the phase rotation detected by using a pilot signal 
10 on a high subcarrier which is in good transmission quality has large weight so that the affection by fading is decreased, 
and a clock frequency error is accurately detected. Further, the smoothed phase rotation along time axis suppresses 
the affection by thermal noise and others, and thus, the clock frequency error is detected more accurately. 
[0111] Thus, the accurate clock frequency compensation is carried out by using a simple circuit, although it has been 
impossible in a prior art. Further, as the clock frequency error compensation is carried out in a digital circuit, no com- 
15 plicated analog compensation circuit is required, and the power consumption is saved. 

(Fifth embodiment) 

[0112] Fig.5 shows fifth embodiment, which is a modification of Fig.1 , and is directed to claim 5. In Fig.5, the same 
numerals as those in Fig.1 show the same members. 

[0113] Receiving means, Synchronization means, Foufier transform means, channel estimation means, coherent 
detection means, clock frequency error estimation means, and phase rotation compensation means in claim 5 corre- 
spond, respectively, a receiving circuit 102, a synchronization circuit 103, a Fourier transform circuit 105, a channel 
estimator 106, a coherent detection circuit 107, a clock frequency error estimation block 500, and a phase rotation 
compensator 109 in Fig.5. 

[0114] The clock frequency error estimation block 500 in Fig.5 comprises a phase rotation detector 501, a clock 
frequency error estimator 502, and a phase rotation calculator 503. 

[01 15] The phase rotation detector 501 receives an output of the phase rotation compensator 1 09, and detects the 
amount of phase rotation of coherently detected signal for each OFDM symbol, and each subcarrier. The operation of 
the phase rotation detector 501 is essentially the same as that of the phase rotation detector 108 in Fig.1 . 
[01 16] The clock frequency error estimator 502 estimates clock frequency deviation or clock frequency error by using 
phase rotation information of detected signal supplied by the phase rotation detector 501 until reception of the current 
OFDM symbol. 

[01 17] The phase rotation calculator 503 receives the clock frequency deviation or the clock frequency error supplied 
by the clock frequency error estimator 502, and calculates phase rotation of a detected signal caused by the clock 
frequency error which is supplied by the coherent detection circuit 1 07 for each detection signal. The amount of phase 
rotation can be calculated according to said equation (5). 

[01 18] The phase rotation compensator 1 09 receives a detected signal from the coherent detection circuit 1 07 and 
compensates phase rotation of the detected signal caused by clock frequency error according to phase rotation infor- 
mation supplied by the phase rotation calculator 503. 

[0119] The modification of Fig.5 has a feature that phase rotation is detected by using compensated output of the 
phase rotation compensator 1 09, while the embodiment of Fig.1 detects phase rotation by using uncompensated signal 
of an input of the phase rotation compensator 109. 

[01 20] Thus, the embodiment of Fig.5 compensates phase rotation of a coherently detected signal and then discrim- 
inates which reference signal each detected signal corresponds, as is the case of Rg.1 , and thus, ft can discriminate 
a signal without being affected by clock frequency error, and provide highly accurate clock frequency error compen- 
sation which is impossible in a prior art. Further, as compensation process is carried out through digital process, no 
complicated analog compensation circuit is required, and power consumption is suppressed. 

so (Sixth embodiment) 

[0121 ] Fig.6 shows sixth embodiment, which is a modification of Fig.5, and is directed to claim 6. The same numerals 
in Fig.6 as those in Fig.5 show the same members. 

[0122] In Fig.6, a dock frequency error estimation block 600 comprises a weighting circuit 601 , a smoothing circuit 
55 602, a phase rotation detector 603, a clock frequency error estimator 502, and a phase rotation calculator 503. 

[01 23] The clock frequency error estimator 502 estimates clock frequency deviation or clock frequency error by using 
the phase rotation information of a detected signal supplied by the phase rotation detector 603 until the reception of 
the current OFDM symbol. 
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[01 24] The weighting circuit 601 receives an output of the phase rotation compensator 1 09 and detects phase rotation 
of the phase compensated signal from a reference signal, then, it gives a weight to the phase rotation information 
according to channel estimation result supplied by the channel estimator 106, for each coherently detected signal. 
[0125] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 

5 rotation information of the detected signal transmitted by the corresponding subcarrier is weighted with a large weight 
coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rota- 
tion of the detected signal which has low signal level, and accurate clock frequency error estimation can be realized. 
[0126] The weighted phase rotation information is applied to the smoothing circuit 602, which carries out the moving 

10 average of the weighted phase rotation information for each subcarrier along time axis, so that the weighted phase 
rotation information is smoothed. The smoothing operation removes degradation of signal quality which is degraded 
in a receiving circuit 2 by thermal noise and others. 

[0127] The phase rotation detector 603 receives weighted and smoothed phase rotation information, and detects 
phase rotation caused by clock frequency error. 
is [01 28] An output of the phase rotation detector 603 is applied to the clock frequency error estimator 502 for estimation 
of clock frequency deviation or clock frequency error. 

[0129] When signal quality depends upon each subcarrier, the effect by fading is suppressed, as described above, 
by assigning large weight to the phase rotation which relates to a subcarrier having good signal quality, and clock 
frequency error can be detected more accurately. Further, as the smoothing operation along time axis suppresses the 
20 effect by thermal noise and others, clock frequency error is detected further more accurately. Thus, highly accurate 
clock frequency error compensation which is impossible in a prior art is realized. Further, as clock frequency error 
compensation is implemented through digital process, no complicated analog compensation circuit is required, and 
thus, power consumption is saved. 

25 (Seventh embodiment) 

[0130] Fig.7 shows seventh embodiment, which is a modification of Fig.5 and is directed to to claim 7. In Fig.7, the 
same numerals as those in Fig.5 show the same members. 

[0131] In Fig.7, a clock frequency error estimation block 700 comprises a pilot signal extractor 701 , a phase rotation 
30 detector 702, a clock frequency error estimator 703 and a phase rotation calculator 503. 

[0132] It is assumed in Fig.7 that known pilot signals are transmitted by using a part of subcarriers in OFDM signals. 
[01 33] The pilot signal extractor 701 receives phase rotation compensated output of the phase rotation compensator 
109, and extracts pilot signal components in detected signals. 

[01 34] The phase rotation detector 702 receives a pilot signal component, and detects phase rotation or accumulated 

35 phase rotation in the pilot signal component. 

[0135] As a pilot signal is a known signal, a reference signal relating to a pilot signal is also known. Therefore, when 
phase rotation of a pilot signal is detected, no discrimination of a reference signal is required, and thus, signal processing 
is simplified. Further, even when high noise is added to a coherently detected signal, a reference signal can be correctly 
discriminated, and thus, phase rotation can be detected more accurately. 

*o [01 36] The clock frequency error estimator 703 receives an output of the phase rotation detector 702, and estimates 
clock frequency deviation or clock frequency error. 

[0137] An output of the clock frequency error estimator 703 is applied to the phase rotation calculator 503 which 
calculates phase rotation in each coherently detected signal due to clock frequency error. 

[0138] When known pilot signals are transmitted by using a part of subcarriers in OFDM signals, a clock frequency 
45 error estimator can be simplified, as clock frequency error can be detected by using pilot signals which are only a part 
of detected signals, and further, clock frequency error can be detected accurately as reference signal is correctly dis- 
criminated even under high noise condition. Thus, high accurate clock frequency compensation which is impossible 
in a prior art is realized. Further, as clock frequency error compensation process is carried out through a digital circuit, 
no complicated analog circuit is required, and power consumption is saved. 

so 

(Eighth embodiment) 

[01 39] Fig.8 shows eighth embodiment, which is a modification of Fig.5, and is directed to claim 8. The same numerals 
in Fig.8 as those in Fig.5 show the same members. 
55 [01 40] A dock frequency error estimation block 800 comprises a pilot signal extractor 801 , a weighting circuit 802, 
a smoothing circuit 803, a phase rotation detector 804, a clock frequency error estimator 805, and a phase rotation 
calculator 503. 

[0141] It is assumed in Fig.8 that known pilot signals are transmitted by using a part of subcarriers in OFDM signals. 
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[0142] The pilot signal extractor 801 receives coherently detected and phase compensated signals from the phase 
rotation compensator 109, and extracts pilot signal components in the detected signals. 

[0143] The weighting circuit 802 receives the extracted pilot signal, which has phase rotation information of a pilot 
signal, and then, gives a weight to said phase rotation information according to channel estimation result provided by 

5 the channel estimator 1 06. 

[0144] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
rotation information of the pilot signal transmitted by the corresponding subcarrier is weighted with a large weight 
coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rota- 

10 tion of a pilot signal which has low signal level, and accurate clock frequency error estimation can be realized. 

[01 45] An output of the weighting circuit 802 is applied to the smoothing circuit 803, which carries out moving average 
of the weighted phase rotation information along time axis for each subcarrier, so that the weighted phase rotation 
information is smoothed. The smoothing operation removes degradation of signal quality due to thermal noise and 
others in the receiving circuit 1 02. 

is [0146] The phase rotation detector 804 detects phase rotation of the weighted and smoothed pilot signal. 

[0147] The clock frequency error estimator 805 estimates clock frequency deviation or clock frequency error by using 
the detected phase rotation according to the equation (5). 

[0146] The clock frequency deviation or the clock frequency error estimated by the clock frequency error estimator 
805 is applied to the phase rotation calculator 503. 
20 [01 49] As described above, when known pilot signals are transmitted by using a part of subcarriers in OFDM signals, 
clock frequency error can be detected effectively by using only a part of detected signals, and thus, structure of a clock 
frequency error estimator can be simplified. Further, even when high thermal noise is added to a coherently detected 
signal, a reference signal of the related signal is discriminated correctly, and thus, the accuracy of the clock frequency 
error is improved. 

25 [0150] Further, even when signal quality depends upon each subcarrier, clock frequency error can be detected ac- 
curately, by mitigating the effect of fading by giving large weight to the phase rotation information relating to a pilot 
signal with good transmission quality. Further, as the smoothing operation along time axis suppresses the effect by 
thermal noise and others, clock frequency error is detected further more accurately. Thus, highly accurate clock fre- 
quency error compensation which is impossible in a prior art is accomplished. Further, as the clock frequency error 

30 compensation is carried out through digital process, and therefore, no complicated analog circuit is required, and power 
consumption is saved. 

(Ninth embodiment) 

35 [0151] Fig. 9 shows ninth embodiment which is directed to claim 9. 

[0152] Receiving means, synchronization means, Fourier transform means, channel estimation means, coherent 
detection means, residual carrier frequency error estimation means, phase rotation estimation means, and phase ro- 
tation compensation means in claim 9 correspond, respectively, to a receiving circuit 102, a synchronization circuit 
901 , a Fourier transform circuit 1 05, a channel estimator 1 06, a coherent detection circuit 1 07, a residual carrier fre- 

40 quency error detector 902, a phase rotation estimator 904, and a phase rotation compensator 109. 

[0153] It is assumed in Fig.9 that sampling clock frequency is synchronized with carrier frequency in a transmitter 
which transmits OFDM signals. Further, a receiver in Fig.9 controls so that sampling clock frequency in a receiver is 
synchronized with carrier frequency in a receiver. In the current embodiment, carrier frequency and sampling clock 
frequency are generated by a common single generator, and therefore, sampling clock frequency is inherently syn- 

45 chronized with carrier frequency. 

[0154] An OFDM signal received by an antenna 1 01 is applied to a receiving circuit 1 02, which carries out receiving 
process including frequency conversion, filtering, orthogonal detection, A/D conversion and others to the received 
OFDM signals, and provides baseband signals in complex form as output signals. 

[0155] The complex baseband signal from the receiving circuit 102 is applied to a synchronization circuit 901 , which 
50 detects OFDM symbol timing and carrier frequency error by using a preamble for synchronization (Fig.44) included in 
the complex baseband signals. By using the carrier frequency error information, the synchronization circuit 901 carries 
out to compensate the carrier frequency error for the complex baseband signals. 

[01 56] The synchronization circuit 901 provides complex baseband signals which the carrier frequency error is com- 
pensated, the symbol timing information, and the detected carrier frequency error information. The complex baseband 
55 signals and the symbol timing information are applied to the guard interval removing circuit 104, and the carrier fre- 
quency error information is applied to a phase rotation estimator 904. The symbol timing information is necessary for 
removing a guard interval of each received OFDM symbol, and extracting useful data component from each symbol. 
[0157] The guard interval removing circuit 104 carries out FFT window process to the complex baseband signals 
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according to the symbol timing information from the synchronization circuit 901. In other words, a guard interval is 
removed by extracting only signal components having time width equal to time width of FFT window for each OFDM 
symbol in complex baseband signals. The time width of FFT window is equal to the difference between OFDM symbol 
length and a guard interval length. 
5 [0158] The complex baseband signal which is free from a guard interval is applied to a Fourier transform circuit 1 05 
for each OFDM symbol. The Fourier transform circuit 105 carries out fast Fourier transform to each OFDM symbol so 
that the input signals are divided into subcarrier signals. 

[0159] The divided subcarriers are applied to a coherent detection circuit 107 and a channel estimator 106. The 
channel estimator 106 estimates condition of a channel which each subcarrier is transmitted by using a preamble for 
10 channel estimation (Fig.44). 

[0160] An output of the channel estimator 1 06, i.e., channel estimation result, provides how amplitude and phase of 
each subcarrier is affected by fading. An output of the channel estimator 106 is applied to a coherent detection circuit 
107. 

[0161] The coherent detection circuit 107 carries out coherent detection process to the complex baseband signals 
15 from the Fourier transform circuit 1 05 by compensating amplitude fluctuation and phase rotation due to fading, carrier 
frequency error and others for each subcarrier by using the channel estimation result provided by the channel estimator 
106. 

[0162] An output of the coherent detection circuit 107 is applied to a residual carrier frequency error detector 902 
and a phase rotation compensator 109. The residual carrier frequency error detector 902 detects residual carrier fre- 

20 quency error by detecting phase rotation caused by residual carrier frequency error in a coherently detected signals. 
[0163] For example, in the case where 16QAM modulation scheme is used to modulate each subcarrier, a signal 
after coherent detection is to locate one of 16 reference signals S1 through S16 as shown in Fig. 45. However, when 
there exists a sampling clock frequency error between a transmitter and a receiver, the signals which are coherent 
detected are subject to said phase rotation as shown in the equation (5) and (6), and output signals from the coherent 

25 detection circuit 107 (e.g., R1 or R2 in Fig.45) do not coincide with one of the reference signals S1 through S16. 

[0164] The phase rotation caused by carrier frequency error is uniform to a signal component of all the detected 
signals in an OFDM symbol, as shown in the equation (6). Further, as OFDM symbol duration is fixed, phase rotation 
per one OFDM symbol is proportional to residual earner frequency error. Therefore, the residual carrier frequency error 
detector 902 detects residual carrier frequency error according to the equation (6), by detecting phase rotation which 

30 js common to ail the subcarriers in a certain OFDM symbol, or by detecting accumulated phase rotation from channel 
estimation until a current OFDM symbol. 

[0165] In practice, phase rotation of each subcarrier from a reference signal is detected in a certain OFDM symbol. 
For instance, when a detected signal from the coherent detection circuit 107 is R1 in Fig.45, the residual carrier fre- 
quency error detector 902 detects the phase difference $1 between the detected signal R1 and the reference signal 

35 S3 which is the closest to the detected signal R1 among the reference signals S1 through S1 6. Further, when a detected 
signal is R2 in Fig.45, the residual carrier frequency error detector 902 detects the phase difference $2 between the 
detected signal R2 and the reference signal S6 which is the closest to the detected signal R2. 
[0166] The detected phase rotation includes not only the phase rotation caused by residual carrier frequency error 
shown in the equation (6), but also the phase rotation caused by clock frequency error shown in the equation (5). 

40 Therefore, in order to detect the phase rotation which is uniform to ail the subcarriers in a certain OFDM symbol caused 
by the residual carrier frequency error, the carrier frequency error detector 902 takes an average of the phase rotations 
of all the subcarriers in the OFDM symbol. 

[0167] The phase rotation caused by clock frequency error is proportional to frequency offset between channel center 
frequency and current subcarrier frequency as shown in the equation (5). Therefore, when phase rotations of all the 

45 subcarriers in an OFDM symbol are averaged, phase rotations of the subcarriers symmetrical to channel center fre- 
quency are cancelled with each other, and thus, only the phase rotation of the equation (6) due to the residual carrier 
frequency error is obtained. By using the phase rotation information thus obtained, the residual carrier frequency error 
is calculated according to the equation (6). The residual carrier frequency error detector 902 provides the thus calculated 
residual carrier frequency error information. 

50 [0168] The phase rotation estimator 904 receives the residual carrier frequency error information from the residual 
carrier frequency error detector 902, and the carrier frequency error information from the synchronization circuit 901 . 
Then, the phase rotation estimator 904 estimates phase rotation due to clock frequency error for each detected signal. 
[0169] In the embodiment, it is assumed that carrier frequency and sampling clock frequency are synchronized with 
each other in a transmitter, and carrier frequency and sampling clock frequency in a receiver are synchronized with 

55 each other. With that assumption, the ratio (Ax) of the sampling clock frequency error between a transmitter and a 
receiver to a reference sampling clock frequency is equal to the ratio of the carrier frequency error between a transmitter 
and a receiver to a reference carrier frequency. Thus, the following equation is satisfied. 
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Ax = ( f RCLK " ^TCLkV^CLK = Af/f RF = < f RRF ' 'tRfVW (7) 

where; 

5 

fjpp ; carrier frequency in a transmitter 
f RRF ; carrier frequency in a receiver 
fpp ; reference carrier frequency 

10 [0170] Accordingly, by inserting the equation (7) into the equation (5), the phase rotation A9 of a detected signal due 
to clock frequency error between a transmitter and a receiver is expressed as follows. 

Ae%2K*f*t.(f R R F -fTRF)'W (8) 

[0171 J Thus, the phase rotation A8 due to clock frequency error between a transmitter and a receiver is obtained 
based upon the equation (8) according to carrier frequency error information from the synchronization circuit 901 and 
residual carrier frequency error information from the residual carrier frequency error detector 902. By the way, although 
the phase rotation A6 might be obtained based upon the equation (8) only by using the clock frequency error information 
between a transmitter and a receiver, the use of the residual carrier frequency error information improves the accuracy 
of the detected phase rotation. 

[0172] It should be noted in the equation (8) that the phase rotation A6 due to clock frequency error between a 
transmitter and a receiver depends upon each subcarrier and each OFDM symbol. Therefore, the phase rotation es- 
timator 904 estimates the phase rotation of a coherently detected signal based upon the equation (8) due to clock 
frequency error between a transmitter and a receiver by using both an output of the synchronization circuit 901 and 
an output of the residual carrier frequency error detector 902. 

[0173] The phase compensator 903 carries out the phase compensation for each coherently detected signals from 
the coherent detection circuit 1 07 according to the phase rotation information for each detected signals from the phase 
rotation estimator 904. 

[0174] An output of the phase rotation compensator 1 09 is applied to a decision circuit 112, which discriminates a 
symbol for data signals (Fig.44), and provides a discriminated result as a demodulated output. When 16 QAM modu- 
lation scheme is used to modulate each subcarrier, the decision circuit 112 discriminates which reference signal S1 
through S1 6 a detected signal corresponds. Since the phase rotation is compensated accurately, the signal can be 
discriminated with no affection of clock frequency error. Thus, a highly accurate clock frequency error compensation 
which is impossible in a prior art is obtained. Further, as clock frequency error compensation is carried out through 
digital process, no complicated analog compensation circuit is required, and power consumption is saved. 

(Tenth embodiment) 

[0175] Fig.10 shows tenth embodiment, which is a modification of Fig.9, and is directed to claim 10. The same 
numerals in Fig.10 as those in Fig.9 show the same members. 

[0176] Fig.10 embodiment comprises a weighting circuit 1001 and a smoothing circuit 1002. The operation of a 
residual carrier frequency error detector 1003 is essentially the same as that of the residual carrier frequency error 
detector 902. 

[0177] It is assumed in Fig.10 that carrier frequency and clock frequency are synchronized with each other in a 
transmitter, and further, clock frequency in a receiver is controlled so that it synchronizes with carrier frequency. 
[0178] A weighting circuit 1001 receives an output of the coherent detection circuit 107, an output of the channel 
estimator 1 06, and an output of a phase rotation estimator 904. 

[0179] The weighting circuit 1 001 receives a part or all of the detected signals of the coherent detection circuit 1 07. 
The weighting circuit 1 001 compensates phase rotation in the detected signal caused by clock frequency error by using 
the phase rotation information provided by the phase rotation estimator 904, and then, the weighting circuit 1 001 gives 
a weight to the phase rotation information according to an output of the channel estimator 106. 
[0180] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
rotation information of the signal transmitted by the corresponding subcarrier is weighted with a large weight coefficient, 
and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight coefficient. 
The above-mentioned weighting is advantageous that residual carrier frequency error estimator are affected little by 
phase rotation of the signal which has low signal level, and accurate residual carrier frequency error estimation can 
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be realized. 

[0181] The phase rotation information weighted by the weighting circuit 1 001 is applied to the smoothing circuit 1 002, 
which carries out moving average of the weighted phase rotation information for each subcarrier along time axis. Thus, 
the smoothing circuit 1002 smoothes the weighted phase rotation information. The smoothing operation removes the 

s signal degradation due to thermal noise and others added to a received signal in the receiving circuit 1 02. 

[01 82] The residual carrier frequency error detector 1 003 receives the weighted and smoothed phase rotation infor- 
mation, and calculates residual carrier frequency error according to the equation (6) by detecting the phase rotation 
caused by residual carrier frequency error in the weighted and smoothed phase rotation information. The operation of 
the residual carrier frequency error detector 1 003 is essentially the same as that of the residual carrier frequency error 

io detector 902. 

[01 83] The phase rotation estimator 904 estimates phase rotation caused by clock frequency error for each detected 
signal according to carrier frequency error information from the synchronization circuit 901 and residual carrier fre- 
quency error information from the residual carrier frequency error detector 1003. 

[0184] When signal quality depends upon each subcarrier, the effect of fading is decreased by assigning large weight 
15 to the phase rotation information relating to a subcarrier with good communication quality, and the residual carrier 
frequency error is accurately detected. Further, with the averaging of the phase rotation along time axis, further accurate 
residual carrier frequency error is obtained by suppressing effect of thermal noise and others. Thus, a highly accurate 
clock frequency error compensation which is impossible in a prior art is obtained, and further, the compensation for 
clock frequency error is carried out through digital process, no complicated analog circuit is required, and power con- 
20 sumption is saved. 

(Eleventh embodiment) 

[0185] Fig.11 shows eleventh embodiment, which is a modification of Fig.9 and is directed to claim 11. The same 
25 numerals in Fig. 11 as those in Fig.9 show the same members. 

[0186] The embodiment of Fig. 11 has a pilot signal extractor 1101 . The operation of a residual carrier frequency error 

detector 1102 is essentially the same as that of the residual carrier frequency error detector 902. 

[0187] It is assumed in Fig. 11 that known pilot signals are transmitted by using a part of subcarriers in OFDM signals. 

[0188] Further, it is assumed in Fig.1 1 that carrier frequency and clock frequency are synchronized with each other 
30 in a transmitter, and clock frequency is controlled in a receiver so that it synchronizes with carrier frequency. 

[01 89] The pilot signal extractor 1101 receives output signals of the coherent detection circuit 1 07, and extracts signal 

components of pilot signals in said output signals. 

[0190] The residual carrier frequency error detector 1102 receives said pilot signal, and detects phase rotation for 
each detected signal or accumulated phase rotation in the detected signal which is common to all detected signals in 
35 an OFDM symbol. 

[0191] As a pilot signal is a known signal, a reference signal (e.g., one of S1 through S16 in Fig.45) corresponding 
to the pilot signal is also known. Therefore, when phase rotation of a pilot signal is only detected, no reference signal 
relating to the pilot signal is necessary to be discriminated, and the signal processing in the residual carrier frequency 
error detector 1 1 02 is simplified. Further, even when noise component is added to a detected signal, a reference signal 

40 relating to the detected signal is correctly discriminated, and thus, the phase rotation is accurately detected. 

[0192] The residual carrier frequency error detector 1102 obtains residual carrier frequency error according to the 
equation (6) from the detected phase rotation or accumulated phase rotation. The operation of the residual carrier 
frequency error detector 11 02 is essentially the same as that of the residual carrier frequency error detector 902. An 
output of the residual carrier frequency error detector 1102 is applied to the phase rotation estimator 904. 

45 [0193] As described above, when pilot signals which are known are transmitted, residual carrier frequency error can 
be detected by using pilot signals which are only a part of the detected signals, and thus, the structure of the residual 
carrier frequency error detection means is simplified. Further, even when noise component is added to a detected 
signal, the detected signal is correctly discriminated, and therefore, the residual carrier frequency error is detected 
accurately. 

50 [0194] Thus, a highly accurate clock frequency compensation which is impossible in a prior art is obtained. And 
further, as the clock frequency error compensation is carried out through digital process, no complicated analog circuit 
is required, and power consumption is saved. 

(Twelfth embodiment) 

55 

[0195] Fig.12 shows twelfth embodiment, which is a modification of Fig.9, and is directed to claim 12. The same 
numerals in Fig.12 as those in Fig.9 show the same members. 

[0196] The embodiment of Fig.12 comprises a pilot signal extractor 1201, a weighting circuit 1202, a smoothing 
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circuit 1 203, and a residual carrier frequency error detector 1 204. The operation of the residual carrier frequency error 

detector 1204 is essentially the same as that of the residual carrier frequency error detector 902. 

[0197] It is also assumed in Fig. 12 that known pilot signals are transmitted by using a part of subcarriers. 

[0198] Further, it is assumed that carrier frequency and clock frequency are synchronized with each other in a trans- 

5 mitter, and clock frequency in a receiver is synchronized with carrier frequency. 

[0199] The pilot signal extractor 1201 extracts pilot signals in output signals of the coherent detection circuit 107. 
[0200] The weighting circuit 1 202 receives a pilot signal extracted by the pilot signal extractor 1 201 , a channel esti- 
mation result estimated by the channel estimator 106, and phase rotation information provided by the phase rotation 
estimator 904. The weighting circuit 1202 compensates, first, phase rotation of a detected signal caused by clock 

10 frequency error by using phase rotation information of the corresponding detected signal provided by the phase rotation 
estimator 904, and detects phase rotation of the phase compensated signal from a reference signal. Then, the weighting 
circuit 1202 gives a weight to the phase rotation information according to a channel estimation result provided by the 
channel estimator 106. 

[0201] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
15 rotation information of the pilot signal transmitted by the corresponding subcarrier is weighted with a large weight 
coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rota- 
tion of pilot signal which has low signal level, and accurate residual earner frequency error estimation can be realized. 
[0202] The phase rotation information weighted by the weighting circuit 1202 is applied to a smoothing circuit 1203, 
20 which carries out moving average of the weighted phase rotation information for each subcarrier along time axis. Thus, 
the smoothing circuit 1 203 smoothes the weighted phase rotation information. The smoothing operation removes signal 
degradation caused by thermal noise and others in the receiving circuit 102. 

[0203] The residual carrier frequency error detector 1204 receives an output of the smoothing circuit 1 203, detects 
phase rotation caused by residual carrier frequency error, and calculates residual carrier frequency error. The operation 
25 of the residual carrier frequency error detector 1 204 is essentially the same as that of the residual carrier frequency 
error detector 902. An output of the residual carrier frequency error detector 1204 is applied to the phase rotation 
estimator 904. 

[0204] As described above, as pilot signals are transmitted, and residual carrier frequency error can be efficiently 
detected by using pilot signals which are only a part of the coherent detected signals, the circuit structure of residual 
30 carrier frequency error detection means is simplified. Further, even when noise is added to a detected signal, the 
reference signal relating to the detected signal is correctly discriminated, and therefore, the residual carrier frequency 
error can be accurately detected. 

[0205] Further, when communication quality depends upon each subcarrier, the weight relating to a subcarrier with 
good signal quality is selected large, so that the effect by fading is decreased, and therefore, the residual carrier fre- 
35 quency error is further accurately detected. Further, as the smoothing operation of phase rotation along time axis 
suppresses the effect by thermal noise and others, residual carrier frequency error is detected further more accurately. 
Thus, a highly accurate clock frequency error compensation which is impossible in a prior art is realized. And further, 
as the clock frequency error compensation is carried out through digital process, no complicated analog circuit is 
required, and power consumption is saved. 

40 

(Thirteenth embodiment) 

[0206] Fig.13 shows thirteenth embodiment, which is a modification of Fig.9, and is directed to claim 13. The same 
numerals in Fig.13 as those in Fig.9 show the same members. 

45 [0207] In claim 13, receiving means, synchronization means, Fourier transform means, channel estimation means, 
coherent detection means, first phase rotation estimation means, first phase rotation compensation means, residual 
carrier frequency error estimation means, second phase rotation estimation means, and second phase rotation com- 
pensation means correspond, respectivefy, to a receiving circuit 102, a synchronization circuit 901 , a Fourier transform 
circuit 1 05, a channel estimator 1 06, a coherent detection circuit 1 07, a phase rotation estimator 904, a phase rotation 

50 compensator 1302, a residual carrier frequency error detector 902, a phase rotation estimator904, and a phase rotation 
compensator 903. 

[0208] It is also assumed in Fig.13 that sampling clock frequency is synchronized with carrier frequency in a trans- 
mitter, and a receiver controls sampling clock frequency so that it synchronizes with carrier frequency. 
[0209] In Fig.13, an OFDM packet communication receiver comprises two independent phase rotation estimators 
55 1301 and 904, and two independent phase rotation compensators 903, and 1302. The phase rotation estimator 1301 
estimates phase rotation of a coherently detected signal caused by clock frequency error by using carrier frequency 
error information from a synchronization circuit 901 . 

[0210] As sampling clock frequency in a transmitter is synchronized with carrier frequency, and sampling clock fre- 
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quency in a receiver is synchronized with carrier frequency, the phase rotation caused by clock frequency error can 
be obtained by using the carrier frequency error information according to the equation (6). As phase rotation depends 
upon each detected signal, the phase rotation estimator 1301 calculates phase rotation of each detected signal. 
[021 1 ] The phase rotation compensator 1 302 receives a coherently detected signal provided by the coherent detec- 
5 tion circuit 107, and compensates phase rotation caused by clock frequency error of the coherently detected signal 
according to phase rotation information of the related coherently detected signal estimated by the phase rotation es- 
timator 1301. 

[021 2] However, in an actual receiver, a synchronization circuit 901 can not detect and compensate carrier frequency 
error completely accurately due to thermal noise added to a received signal in a receiving circuit 1 02, and therefore, 

10 complex baseband signal provided by the synchronization circuit 901 includes residual carrier frequency error. Since 
the phase rotation compensator 1302 compensates phase rotation estimated by the phase rotation estimator 1301 
according to carrier frequency error information provided by the synchronization circuit 901 , the output of the phase 
rotation compensator 1302 still includes phase rotation caused by residual clock frequency error corresponding to the 
residual carrier frequency error. 

is [0213] In order to solve the above problem, the current embodiment has another phase rotation compensator 903 
for compensating residual phase rotation caused by residual clock frequency error which is a part of phase rotation 
caused by clock frequency error. 

[0214] The residual carrier frequency error detector 902 receives an output of the first phase rotation compensator 
1302, and detects residual carrier frequency error included in said output. The residual carrier frequency error is de- 

20 tected by detecting the phase rotation of each coherently detected signal caused by residual carrier frequency error. 
The operation of the residual carrier frequency error detector 902 has already been described. 
[0215] The phase rotation estimator 904 estimates said residual phase rotation in an output of the phase rotation 
compensator 1302 according to the residual carrier frequency error information provided by the residual carrier fre- 
quency error detector 902, for each detected signal. 

25 [0216] As it is assumed in the current embodiment that sampling clock frequency in a transmitter is synchronized 
with carrier frequency, and sampling clock frequency in a receiver is synchronized with carrier frequency, the phase 
rotation caused by clock frequency error can be obtained according to the equation (8) by using the residual carrier 
frequency error detected by the residual carrier frequency error detector 902. As phase rotation depends upon each 
detected signal, the phase rotation estimator 904 calculates phase rotation for each detected signal. 

30 [0217] The phase rotation compensator 903 carries out the phase rotation compensation process so that the phase 
rotation in an output of the first phase rotation compensator 1302 is removed, according to phase rotation information 
of each coherently detected signal provided by the phase rotation estimator 904. The second phase rotation compen- 
sation removes residual phase rotation caused by clock frequency error which can not be removed in the first phase 
rotation compensator 1302. 

35 [0218] The phase rotation compensators 1302 and 903 accurately compensate phase rotation caused by clock fre- 
quency error between a transmitter and a receiver for each detected signal, before a detected signal is discriminated 
which reference signal corresponds. Therefore, the decision circuit 112 can discriminate a signal with no affection by 
clock frequency error. Thus, a highly accurate clock frequency error compensation which is impossible in a prior art is 
obtained. Further, as said clock frequency error compensation process is carried out through digital process, no com- 

40 plicated analog circuit is required, and power consumption is saved. 

(Fourteenth embodiment) 

[0219] Fig. 14 shows fourteenth embodiment, which is a modification of Fig. 13, and is directed to claim 14. The same 
45 numerals in Fig.14 as those in Fig. 13 show the same members. 

[0220] The receiver in Fig.14 comprises a weighting circuit 1401 and a smoothing circuit 1402. The operation of a 
residual carrier frequency error detector 1403 is essentially the same as that of said residual carrier frequency error 
detector 902. 

[0221] It is assumed also in Fig.14 that sampling clock frequency in a transmitter is synchronized with carrier fre- 
50 quency, and sampling clock frequency in a receiver is synchronized with carrier frequency. 

[0222] A weighting circuit 1401 receives an output of the phase rotation detector 1302, an output of the channel 
estimator 106, and an output of a phase rotation estimator 904. 

[0223] The weighting circuit 1401 receives a part of or all the detected signals supplied by the phase rotation com- 
pensator 1302. The weighting circuit 1401 compensates, first, phase rotation of each detected signal caused by clock 
55 frequency error by using an output of the phase rotation estimator 904, and detects phase rotation between a phase 
compensated detected signal and a reference signal. Then, it gives a weight to said phase rotation information accord- 
ing to an output of the channel estimator 106. 

[0224] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
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rotation information of the signal transmitted by the corresponding subcarrier is weighted with a large weight coefficient, 
and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight coefficient. 
The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rotation of the 
signal which has low signal level, and accurate clock frequency error estimation can be realized. 
5 [0225] The weighted phase rotation information is applied to the smoothing circuit 1402, which calculates moving 
average of weighted phase rotation information along time axis for each subcarrier, thus, the smoothing circuit 1402 
smoothes the weighted phase rotation information. The smoothing operation removes degradation of signal quality 
caused by thermal noise and others added to a received signal in the receiving circuit 102. 

[0226] The residual carrier frequency error detector 1 403 receives the weighted and smoothed phase rotation inf or- 
10 mation, and detects residual carrier frequency error by detecting phase rotation caused by residual carrier frequency 
error in an input signal. The operation of the residual carrier frequency error detector 1403 is essentially the same as 
that of the residual carrier frequency error detector 902. 

[0227] The phase rotation estimator 904 estimates said residual phase rotation relating to clock frequency error 
included in the detected signal for each detected signal according to an output of the residual carrier frequency error 
15 detector 1403. 

[0228] When signal quality depends upon each subcarrier, phase rotation relating to a subcarrier with high signal 
level is assigned large weight, so that the affection by fading is suppressed, and residual carrier frequency error is 
detected accurately. Further as phase rotation is processed through moving average along time axis, the affection by 
thermal noise and others is suppressed and residual carrier frequency error can be detected further accurately. Thus, 
20 a highly accurate clock frequency error compensation which is impossible in a prior art is obtained. Further, as clock 
frequency error compensation is carried out through digital process, no complicated analog circuit is required, and 
power consumption is saved. 

(Fifteenth embodiment) 

25 

[0229] Fig. 15 shows fifteenth embodiment, which is a modification of Fig.13, and is directed to claim 15. The same 
numerals in Fig.15 as those in Fig.13 show the same members. 

[0230] An OFDM packet communication receiver in Fig.15 comprises a pilot signal extractor 1501 . The operation of 
the residual carrier frequency error detector 1 502 is essentially the same as that of the residual carrier frequency error 
30 detector 902. 

[0231] It is assumed also in the current embodiment that known pilot signals are transmitted by using a part of 
subcarriers. 

[0232] Further, it is assumed in the current embodiment that sampling clock frequency in a transmitter is synchronized 
with carrier frequency, and a receiver controls sampling clock frequency so that it synchronizes with carrier frequency. 
35 [0233] The pilot signal extractor 1 501 receives output signals of the phase rotation compensator 1 302, and extracts 
signal components of pilot signals in said output signals. The residual carrier frequency error detector 1502 receives 
a pilot signal component extracted by the pilot signal extractor 1501 , and detects phase rotation of each pilot signal, 
or accumulated phase rotation of each pilot signal. 

[0234] Therefore, when phase rotation of only pilot signals is detected, no discrimination of the related reference 
40 signal is necessary, and thus, the signal processing in the residual carrier frequency error detector 1502 is simplified. 
Further, even when large noise is added to a coherently detected signal, phase rotation can be accurately detected, 
since a reference signal related to a detected signal is discriminated correctly. 

[0235] The residual carrier frequency error detector 1502 detects residual carrier frequency error according to de- 
tected phase rotation information. The operation of the residual carrier frequency error detector 1 502 is essentially the 
45 same as that of the residual earner frequency error detector 902. The residual carrier frequency error information 
detected from pilot signals by the residual carrier frequency error detector 1502 is applied to the phase rotation estimator 
904. 

[0236] When pilot signals which are known are transmitted by using a part of the subcarriers in OFDM signals, 
residual carrier frequency error can be detected effectively by using only a part of the detected signals. Therefore, 
50 circuit structure of residual carrier frequency error detection means is simplified. Further, even when large noise is 
added to detected signals, residual carrier frequency error can be detected accurately since no wrong discrimination 
of the reference signal relating to the detected signal occurs. 

[0237] Thus, a highly accurate clock frequencyerror compensation which is impossible in a prior art is obtained. 
Further, as clock frequency error compensation process is carried out through digital process, no complicated analog 
55 circuit is required, and power consumption is saved. 
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(Sixteenth embodiment) 

[0238] Fig. 16 shows sixteenth embodiment, which is a modification of Fig. 13, and is directed to claim 16. The same 
numerals in Fig. 16 as those in Fig. 13 show the same members. 
5 [0239] An OFDM packet communication receiver in Fig.1 6 comprises a pilot signal extractor 1 601 , a weighting circuit 
1602, a smoothing circuit 1603, and a residual carrier frequency error detector 1604. The operation of the residual 
carrier frequency error detector 1 604 is essentially the same as that of the residual carrier frequency error detector 902. 
[0240] It is assumed also in Fig.16 that pilot signals which are known are transmitted by using a part of subcarriers 
in OFDM signals. 

10 [0241] It is further assumed that sampling clock frequency in a transmitter is synchronized with carrier frequency, 
and a receiver controls sampling clock frequency so that it synchronizes with carrier frequency. 
[0242] The pilot signal extractor 1601 receives an output of the phase rotation compensator 1302, and extracts 
subcarrier components which relate to a pilot signal in the detected signals. 

[0243] The weighting circuit 1 602 receives a coherently detected signal relating to a pilot signal from the pilot signal 
15 extractor 1 601 , a channel estimation result from the channel estimator 1 06, and phase rotation information of a detected 
signal which relates to a pilot signal from the phase rotation estimator 904. 

[0244] The weighting circuit 1 602 compensates phase rotation in the detected signal which relates to a pilot signal 
caused by clock frequency error according to phase rotation information from the phase rotation estimator 904, and 
then, detects phase rotation of the compensated signal from a reference signal. Then, it gives a weight to detected 
20 phase rotation information according to channel estimation result provided by the channel estimator 1 06. 

[0245] For instance, when signal level of a subcarrier obtained by the channel estimation result is high, the phase 
rotation information of the pilot signal transmitted by the corresponding subcarrier is weighted with a large weight 
coefficient, and when signal level of a subcarrier is low, the phase rotation information is weighted with a small weight 
coefficient. The above-mentioned weighting is advantageous that succeeding circuits are affected little by phase rata- 
ls tion of pilot signal which has low signal level, and accurate residual carrier frequency error estimation can be realized. 
[0246] The weighted phase rotation information is applied to the smoothing circuit 1603, which provides moving 
average of the weighted phase rotation information for each subcarrier along time axis, so that it smoothes weighted 
phase rotation information. The smoothing operation removes degradation of signal quality caused by thermal noise 
and others added to a received signal in a receiving circuit 102. 
30 [0247] The residual carrier frequency error detector 1 604 receives the weighted and smoothed phase rotation infor- 
mation, and detects phase rotation caused by residual carrier frequency error, and then, obtains residual carrier fre- 
quency error according to the detected phase rotation information. The operation of the residual carrier frequency error 
detector 1 604 is essentially the same as that of the residual carrier frequency error detector 902. 
[0248] An output of the residual carrier frequency error detector 1 604 is applied to the phase rotation estimator 904. 
35 [0249] When pilot signals which are known are transmitted by using a part of subcarriers in OFDM signals, circuit 
structure of residual carrier frequency error detection means is simplified, because residual carrier frequency error can 
be efficiently detected by using only a part of coherently detected signals relating only to pilot signals. Further, even 
when large noise is added to coherently detected signals, reference signal relating to the detected signal is discrimi- 
nated correctly, and therefore, residual carrier frequency error can be detected accurately. 
40 [0250] Further, when signal quality depends upon each subcarrier, phase rotation information relating to subcarrier 
which has high signal level is given large weight, so that the affection by fading is suppressed, and residual carrier 
frequency error can be detected further accurately. Further, moving average of phase rotation along time axis sup- 
presses the affection by thermal noise and others, and residual carrier frequency error can be detected further accu- 
rately. Thus, a highly accurate clock frequency error compensation which is impossible in a prior art is obtained. Further, 
45 as the compensation is earned out through digital process, no complicated analog compensation circuit is required, 
and power consumption is saved. 

(Seventeenth embodiment) 

so [0251] Fig. 17 shows seventeenth embodiment, which is a modification of Fig.9, and is directed to claim 17. The 
same numerals in Fig.17 as those in Fig.9 show the same members. 

[0252] A residual carrier frequency error detection block 1 700 comprises a phase rotation information detector 1 701 , 
and a common phase rotation detector 1702. 

[0253] It is assumed also in the current embodiment that sampling dock frequency in a transmitter is synchronized 
55 with carrier frequency, and sampling clock frequency in a receiver is controlled to be synchronized with carrier frequency. 
[0254] An output of a coherent detection circuit 107 is applied to the phase rotation information detector 1701 and 
phase rotation compensator 903. The phase rotation information extractor detects phase rotation of a part of or all of 
the coherently detected signals from reference signals shown in Fig.45. The phase rotation information extracted by 
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the phase rotation information detector 1701 is applied to the common phase rotation detector 1702. 
[0255] As shown in the equation (6), the phase rotation caused by carrier frequency error is common to all the 
components of the coherently detected signals included in a certain OFDM symbol. Moreover, as an OFDM symbol 
duration is fixed, phase rotation per one OFDM symbol is proportional to residual carrier frequency error. 

5 [0256] Therefore, the common phase rotation detector 1 702 detects phase rotation per one OFDM symbol, which 
is caused by residual carrier frequency error and common to each coherently detected signal, or accumulated phase 
rotation from channel estimation until the current OFDM symbol, and calculates residual carrier frequency error infor- 
mation according to the equation (6). The residual carrier frequency error information calculated by the common phase 
rotation detector 1702 is applied to the phase rotation estimator 904. 

10 [0257] Thus, the phase rotation caused by clock frequency error is accurately compensated by the phase rotation 
compensator 903 for each detected signal, before a detected signal is discriminated which reference signal corre- 
sponds, the decision circuit 112 can discriminate a signal with no affection by clock frequency error. Thus, a highly 
accurate clock frequency error compensation which is impossible in a prior art is obtained. Further, as clock frequency 
error compensation is carried out through digital process, no complicated analog compensation circuit is required, and 

15 power consumption is saved. 

(Eighteenth embodiment) 

[0258] Fig. 18 shows eighteenth embodiment, which is a modification of Fig.1 , and is directed to claim 1 8. The same 

20 numerals in Fig.18 as those in Fig.1 show the same members. 

[0259] In Fig.18, subcarrier signals provided by a Fourier transform circuit 105 are applied to a channel estimator 
106, a coherent detection circuit 107, and a signal level detector 1 801 , which detects signal level from a part or all of 
the subcarriers. The detected signal level is provided for each OFDM symbol. An output of the signal level detector 
1801 is applied to a signal level information smoothing circuit 1802. 

25 [0260] When thermal noise is added to a received signal in receiving process in a receiving circuit 102, a subcarrier 
which is divided by the Fourier transform circuit 105 has amplitude error and phase error. As the signal level detector 
1 801 detects signal level of an output of the Fourier transform circuit 1 05, the detected signal level would have an error 
due to thermal noise if thermal noise is added to a received signal in the receiving circuit 1 02. Therefore, a signal level 
information smoothing circuit 1 802 smoothes signal level information obtained from the signal level detector 1 801 along 

30 time axis. The smoothing operation mitigate the effect of noise component caused by thermal noise and others included 
in detected signal level information, and thus, signal level information of each subcarrier can be detected accurately. 
[0261] An output of the signal level information smoothing circuit 1802 is applied to a weighting circuit 1803. An 
output of a coherent detection circuit 107 is applied to a phase rotation information detector 1701 and a phase rotation 
compensator 1805. The phase rotation information detector 1701 detects phase rotation of an input signal from a 

35 reference signal which is shown in Fig.45. The phase rotation information detected by the phase rotation information 
detector 1 701 is applied to a weighting circuit 1803, which gives a weight to the phase rotation information according 
to the smoothed signal level information supplied by the signal level information smoothing circuit 1802. For instance, 
phase rotation information of a subcarrier which has high signal level is given large weight, and phase rotation infor- 
mation of a subcarrier which has low signal level is given small weight. For example, a weighted phase rotation infor- 

40 mation signal is obtained by generating a vector signal whose phase is equal to an input phase rotation and amplitude 
is equal to the smoothed signal level supplied by the signal level information smoothing circuit 1 802. As the weighting 
circuit 1803 gives an weight to a phase rotation information according to the accurate signal level information, the 
highly accurate weighting process is carried out. 

[0262] A weighted phase rotation information supplied by the weighting circuit 1803 is applied to a common phase 
45 rotation detector 1 804. The phase rotation caused by carrier frequency error is uniform to all the detected signal com- 
ponents in an OFDM symbol as expressed by the equation (6). Further, the phase rotation caused by phase noise is 
also uniform to all the detected signal components in an OFDM symbol. Therefore, the common phase rotation detector 
1 804 detects the phase rotation common to the detected signals in the current OFDM symbol caused by residual carrier 
frequency error and phase noise in the detected signal supplied by the coherent detection circuit 107, or the accumu- 
50 lated phase rotation from the channel estimation until the current OFDM symbol. In other words, the common phase 
rotation detector 1 804 provides the information of phase rotation caused by residual carrier frequency error and phase 
noise, of each detected signal supplied by the coherent detection circuit 107. An output of the common phase rotation 
detector 1 804 is applied to a phase rotation compensator 1 805. 

[0263] The phase rotation compensator 1805 compensates phase rotation of an output of the coherent detection 
55 circuit 107 caused by residual carrier frequency error and phase noise according to an output of the common phase 
rotation detector 1 804. 

[0264] In the current embodiment, the accuracy of signal level information is improved with no increase of the number 
of preamble signals for channel estimation, and therefore, the phase rotation in the detected signal caused by residual 
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carrier frequency error and phase noise can be compensated accurately without decreasing throughput of the system. 
Further, said phase rotation can be compensated accurately even when fluctuation of condition of transmission chan- 
nels between adjacent subcamers is large, because signal level information is obtained accurately due to disuse of 
moving average along frequency axis. 

5 

(Nineteenth embodiment) 

[0265] Fig. 19 shows nineteenth embodiment, which is a modification of Fig. 18, and is directed to claims 19 and 20. 
The same numerals in Fig. 19 as those in Fig. 18 show the same members. 
10 [0266] A phase rotation information detection block 1 900 in Fig. 19 comprises a pilot signal extractor 1902, a phase 
rotation detector 1 903 and a reference signal generator 1 904. A common phase rotation detection block 1 901 comprises 
an intra-symbol averaging circuit 1905, and a time-oriented moving average circuit 1906. 

[0267] It is assumed in Fig.19 that pilot signals which are known are transmitted by using a part of subcamers in 
OFDM signals. 

15 [0268] An output of a coherent detection circuit 107 is applied to a phase rotation compensator 1805, and a pilot 
signal extractor 1902, which extracts pilot signals from the detected signals. A pilot signal thus extracted is applied to 
a phase rotation detector 1903. A reference signal generator 1904 provides a reference signal (see Fig.45) which 
relates to the pilot signal which is extracted by the pilot signal extractor 1902. As a pilot signal is a known signal, a 
reference signal is easily obtained. The reference signal provided by the reference signal generator 1904 is applied to 

20 the phase rotation detector 1 903, which detects phase rotation of the pilot signal supplied by the pilot signal extractor 
1902 according to the reference signal from the reference signal generator 1 904. 

[0269] As phase rotation of only pilot signals are detected, it is not required to discriminate a reference signal for the 
detected signal, signal processing for taking phase rotation information is simplified. Further, even when large noise 
is added to a coherently detected signal , reference signal of the detected signal is discriminated correctly, and therefore, 

25 phase rotation is detected accurately. 

[0270] Phase rotation information provided by the phase rotation detector 1 903 is applied to a weighting circuit 1 803, 
which gives an weight to the phase rotation information according to the smoothed signal level information provided 
by the signal level information smoothing circuit 1 802. As the weighting circuit 1 803 gives a weight to the phase rotation 
information relating to a pilot signal, it should be noted that the signal level detector 1801 detects a signal level of the 

30 subcarrier signal which relates to a pilot signal among the subcarrier signals provided by the Fourier transform circuit 
105. For example, a weighted phase rotation information signal is obtained by generating a vector signal whose phase 
is equal to an input phase rotation provided by the phase rotation detector and amplitude is equal to the smoothed 
signal level supplied by the signal level information smoothing circuit 1 802. The weighted phase rotation information 
is applied to an intra-symbol averaging circuit 1905, which carries out averaging process of weighted phase rotation 

35 information of pilot signals for each OFDM symbol. When the weighted phase rotation information is expressed by a 
vector signal, the average of phase component of a vector signal is provided by taking vector sum of the vector signals 
relating to pilot signals in an OFDM symbol. The phase rotation of each subcarrier caused by phase noise and/or 
residual carrier frequency error is almost uniform for all subcamers in an OFDM symbol. Therefore, by taking an average 
of phase rotation information of all pilot signals in an OFDM symbol, noise component in a signal is suppressed, and 

40 phase rotation information can be obtained accurately. The averaging process in the intra-symbol averaging circuit 
1905 is carried out in one OFDM symbol, and thus, it corresponds to an averaging along frequency axis. The intra- 
symbol averaging circuit 1905 outputs the averaged and weighted phase rotation information of pilot signals in one 
OFDM symbol for each OFDM symbol. 

[0271 ] An output of the intra-symbol averaging circuit 1 905 is applied to a time-oriented moving average circuit 1 906, 
45 which carries out moving average along time axis for a plurality of signals. The moving average process further sup- 
presses noise component in a signal. An output of the time-oriented moving average circuit 1906 is applied to a phase 
rotation compensator 1805. 

[0272] in the current embodiment, pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. Therefore, circuit structure of a common phase rotation detection block is simplified, because phase 

50 rotation caused by residual carrier frequency error and phase noise can be efficiently detected by using only a part of 
coherently detected signals relating only to pilot signals. Further, even when large noise component is added to a 
detected signal, reference signal relating to the detected signal can be discriminated correctly, and therefore, the phase 
rotation is detected accurately. Further, the weighted phase rotation information is averaged along frequency axis and 
time axis, the noise component in phase rotation information is effectively suppressed. Thus, the accurate compensa- 

55 tion of phase rotation caused by residual carrier frequency error and phase noise is carried out with simple circuit 
structure, although it is impossible in a prior art,. 
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(Twentieth embodiment) 

[0273] Fig.20 shows twentieth embodiment, which is a modification of Fig.19, and is directed to claims 19, 20 and 
29. The same numerals in Fig.20 as those in Fig.19 show the same members. 
5 [0274] An OFDM packet communication receiver in Fig.20 has a time-oriented moving average circuit 2001 , instead 
of a signal level information smoothing circuit 1802 in Fig.1 9. The time-oriented moving average circuit 2001 receives 
signal level information of the pilot signals in each OFDM symbol provided by a signal level detector 1801 . 
[0275] It is assumed in Fig.20 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

io [0276] A time-oriented moving average circuit 2001 carries out moving average of signal level information of pilot 
signals along time axis. The moving average process realizes the smoothing process for the pilot signal level information 
provided by the signal level detector 1801. The signal level information which is moving averaged is applied to a 
weighting circuit 1 803. 

[0277] When the condition of a transmission channel fluctuates within a packet by fading, signal level of each sub- 
's carriers depends upon time location of a related OFDM symbol in a packet. Therefore, the moving average of signal 
level of each subcarrier over a plurality of OFDM symbols suppresses the effect of noise component, and makes it 
possible to detect signal level of each subcarrier following the fluctuation of channel characteristics within a packet. 
Thus, the current embodiment can compensate phase rotation with high accuracy, even under fluctuation of channel 
characteristics within a packet. 

20 

(Twenty-first embodiment) 

[0278] Fig.21 shows a twenty-first embodiment, which is a modification of Fig.19, and is directed to claims 19, 20 
and 30. The same numerals in Fig.21 as those in Fig.19 show the same members. 
25 [0279] An OFDM packet communication receiver in Fig.21 has an integration circuit 2101 and a division circuit 21 02, 
instead of a signal level information smoothing circuit 1802 in Fig.19. The integration circuit 2101 receives signal level 
information of the pilot signals in each OFDM symbol provided by the signal level detector 1801 . 
[0280] It is assumed in Fig.21 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

30 [0281] The integration circuit 2101 integrates signal level information of pilot signals provided by the signal level 
detector 1801 along time axis for each subcarrier. The integrated signal level information is applied to the division 
circuit 21 02, which divides the integrated signal level information by the number of OFDM symbols which are integrated 
in the integrated circuit 2101, so that signal level information per one OFDM symbol is obtained. The signal level of 
each pilot signal for each OFDM symbol by using integration process can suppress thermal noise component, in par- 

35 ticular, in a latter position in a packet. A signal level information of each pilot signal per one OFDM symbol provided 
by the division circuit 2102 is applied to a weighting circuit 1803. 

[0282] When condition of transmission channel by fading hardly changes within a packet, signal level of each sub- 
carrier can be obtained by integrating signal level of subcarrier for each subcarrier, and dividing the integrated value 
by the number of integration, i.e., the number of integrated OFDM symbols. In this case, since the number of OFDM 
40 symbols for integration becomes large at the latter position of a packet, the effect of smoothing, i.e., the effect of noise 
suppression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 
suppressed. Therefore, signal level information of each subcarrier can be detected with high accuracy. Therefore, the 
current embodiment is useful in the case where channel characteristics hardly changes within a packet. 

45 (Twenty-second embodiment) 

[0283] Fig.22 shows twenty-second embodiment, which is a modification of Fig.21 , and is directed to claims 19, 20 
and 31 . The same numerals in Fig.22 as those in Fig.21 show the same members. 

[0284] An OFDM packet communication receiver in Fig.22 has a bit shift circuit 2201 , instead of a division circuit 
so 2102 in Fig.21 . The bit shift circuit 2201 receives integrated signal level information of pilot signals provided by the 
integration circuit 2101 . 

[0285] It is assumed in Fig.22 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0286] When the number of OFDM symbols for integration process in the integration circuit 21 01 is expressed by 2 N 
55 (N is an integer), the bit shift circuit 2201 carries out the bit shift operation of N bits of the integrated signal level 
information of the pilot signals provided by the integration circuit 2101 so that signal level per one OFDM symbol is 
obtained. The bit shift operation of N bits is the same as the division by N. The bit shift operation is carried out only 
when the number of OFDM symbols in the integration circuit 21 01 is 2 N (N is an integer), and updates an output of the 
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bit shift circuit 2201 . When the number of OFDM symbols is not expressed by 2 N , an output of the bit shift circuit 2201 
keeps the value of the previous bit shift operation. When the number of OFDM symbols is one, the bit shift circuit 2201 
provides an input signal as it is. 

[0287] With the above process, the bit shift circuit 2201 updates an output frequently in a former position of a packet, 

5 and updates an output less in a latter position of a packet. It should be noted that since signal level information of a 
pilot signal per one OFDM symbol is obtained by using an integrated signal level information of pilot signals, thermal 
noise component is effectively suppressed in a latter position in a packet, therefore, the performance is not deteriorated 
even if the bit shift circuit 2201 updates less in a latter position of a packet. As a circuit for bit shift operation is generally 
small, the current embodiment extremely simplifies circuit structure. A signal level information of a pilot signal per one 

10 OFDM symbol obtained by the bit shift circuit 2201 is applied to a weighting circuit 1 803. 

[0288] When condition of transmission channel by fading hardly changes within a packet, signal level of each sub- 
carrier can be obtained by integrating signal level of subcanier for each subcarrier, and dividing the integrated value 
by the number of integration, i.e., the number of integrated OFDM symbols. In this case, since the number of OFDM 
symbols for integration becomes large at the latter position of a packet, the effect of smoothing, i.e., the effect of noise 

15 suppression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 
suppressed. Therefore, signal level information of each subcarrier can be detected with high accuracy. Further, as the 
division for obtaining signal level per one OFDM symbol is realized by bit shift operation, circuit structure is simplified. 
Further, as the bit shift operation is carried out only when the number of OFDM symbols for integration operation 
reaches 2 N (N is an integer), bit shift operation is not required for every OFDM symbols, and operation is less in a latter 

20 position in a packet, the power consumption is greatly reduced. Thus, the current embodiment provides phase rotation 
compensation accurately with simple circuit structure and small power consumption, when channel characteristics in 
a packet hardly changes within a packet. 

(Twenty-third embodiment) 

25 

[0289] Fig.23 shows twenty-third embodiment, which is a modification of Fig.1 9, and is directed to claims 1 8 and 38. 
The same numerals in Fig.23 as those in Fig. 19 show the same members. 

[0290] A common phase rotation detection block 2300 in Fig.23 comprises an phase rotation accumulator 2301 , an 
intra-symbol averaging circuit 2302, a time-oriented moving average circuit 2303, a division circuit 2304, and a delay 
30 compensator 2305. 

[0291] It is assumed in Fig.23 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0292] A weighted phase rotation information of pilot signals provided by the weighting circuit 1803 are applied to 
an phase rotation accumulator 2301 , which calculates accumulated phase rotation of pilot signals caused by phase 

35 noise and residual carrier frequency error from channel estimation until the current pilot signals. For instance, the 
accumulated phase rotation can be calculated by integrating the difference between the weighted phase rotation of 
the pilot signal when the relating OFDM symbol is processed, and that when the just previous OFDM symbol is proc- 
essed, for each OFDM symbol. The accumulated phase rotation information thus calculated caused by phase noise 
and residual carrier frequency error is output by the accumulated phase rotation calculator 2301 , and is applied to the 

40 intra-symbol averaging circuit 2302. 

[0293] The intra-symbol averaging circuit 2302 carries out averaging process of accumulated phase rotation of pilot 
signals in one OFDM symbol. In the embodiment mentioned above, the vector signal relating to each pilot signal in an 
OFDM symbol is processed by vector-sum. The phase rotation of each subcarrier caused by phase noise and residual 
carrier frequency error is uniform for each subcarrier in one OFDM symbol. Therefore, the accumulated value is also 

45 uniform for each subcarrier in one OFDM symbol. Therefore, the averaging process of accumulated phase rotation of 
pilot signals in one OFDM symbol provides the accurate accumulated phase rotation of subcarrier signals cause by 
phase noise and residual carrier frequency error. The averaging process is carried out in one OFDM symbol, and 
therefore, it is averaging process along frequency axis. The intra-symbol averaging circuit 2302 outputs the accumu- 
lated weighted phase rotation information of pilot signals averaged in one OFDM symbol for each OFDM symbol. An 

so output of the intra-symbol averaging circuit 2302 is applied to the time-oriented moving average circuit 2303. 

[0294] The time-oriented moving average circuit 2303 carries out moving average of accumulated phase rotation 
averaged in one OFDM symbol, along time axis for a plurality of symbols. The averaging process along time axis 
reduces the degradation of a signal caused by thermal noise and others in the receiving circuit 102. An output of the 
time-oriented moving average circuit 2303 is applied to a division circuit 2303 and a delay compensator 2305. 

55 [0295] The division circuit 2304 divides the accumulated phase rotation averaged along time axis by the difference 
between the number of OFDM symbols used for accumulation process in the phase rotation accumulator 2301 and 
the number relating to a delay in the moving average in the time-oriented moving average circuit 2303. For instance, 
if the number of OFDM symbols used for accumulated phase rotation calculation is 10, and the time-oriented moving 
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average circuit 2303 carries out the moving average of 3 OFDM symbols, the moving average process of 3 OFDM 
symbols generates a delay of one OFDM symbol duration, therefore, the division circuit 2304 divides a dividend by 9. 
As accumulated phase rotation caused by phase noise becomes almost zero, thus, the division process provides phase 
rotation per one OFDM symbol caused by residual carrier frequency error. Thus, by calculating the phase rotation of 
s pilot signals per one OFDM symbol by using the accumulated phase rotation information of each pilot signal, thermal 
noise and phase noise are suppressed finery at the latter position of a packet. The division circuit 2304 provides phase 
rotation information per one OFDM symbol caused by residual carrier frequency error. An output of the division circuit 

2304 is applied to a delay compensator 2305. 

[0296] The delay compensator 2305 compensates the effect of a delay caused by moving average included in the 
10 moving averaged accumulated phase rotation information by using said phase rotation information per one OFDM 
symbol caused by residual carrier frequency error, and provides accumulated phase rotation included in each subcarrier 
in the relating OFDM symbol caused by residual carrier frequency error and phase noise. The delay compensator 2305 
provides the accumulated phase rotation which is free from the effect of said delay. An output of the delay compensator 

2305 is applied to a phase compensation circuit 1805. 

15 [0297] The phase compensation circuit 1 805 compensates phase rotation caused by residual carrier frequency error 
and phase noise in a coherently detected signal provided by the coherent detection circuit 107 by using delay com- 
pensated accumulated phase rotation information provided by the delay compensator 2305. In the embodiment, highly 
accurate phase rotation compensation is achieved by using accumulated phase rotation information of each coherently 
detected signal caused by residual carrier frequency error and phase noise which is obtained by using the phase 

20 rotation information weighted according to accurate signal level information. 

[0298] Further, as accumulated phase rotation is averaged along frequency axis and time axis, noise component is 
efficientry suppressed. Therefore, even when thermal noise is added to a signal in receiving process, accumulated 
phase rotation caused by residual carrier frequency error and phase noise is finely detected. 
[0299] Further, the accumulated phase rotation is divided by the number of OFDM symbols used for the accumulation, 

25 so that phase rotation per one OFDM symbol caused by residual carrier frequency error is calculated accurately, and 
removing the effect of the delay relating to averaging process of the accumulated phase rotation along time axis ac- 
cording to said phase rotation inf ormation per one OFDM symbol. Thus, accumulated phase rotation caused by residual 
carrier frequency error and phase noise is further accurately detected. Thus, the accurate compensation of phase 
rotation caused by residual carrier frequency error and phase noise is earned out, although it is impossible in a prior art,. 

30 

(Twenty-fourth embodiment) 

[0300] Fig.24 shows twenty-fourth embodiment, which is a modification of Fig.23, and is directed to claims 18, 38 
and 39. The same numerals in Fig.24 as those in Fig.23 show the same members. 
35 [0301] An OFDM packet communication receiver in Fig.24 comprises a bit shift circuit 2401 , instead of a division 
circuit 2304 in Fig.23. The bit shift circuit 2401 receives moving averaged accumulated phase rotation information from 
a time-oriented moving average circuit 2303. 

[0302] It is assumed in Fig.24 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

40 [0303] The bit shift circuit 2401 carries out an N-bit shift (which is equivalent to division by 2**) of moving averaged 
accumulated phase rotation information provided by a time-oriented moving average circuit 2303, when moving aver- 
aged accumulated phase rotation is accumulated for 2 N (N is a natural integer) number of OFDM symbols, so that 
phase rotation of each pilot signal per one OFDM symbol is obtained. The bit shift operation is carried out only when 
an output of the time-oriented moving average circuit 2303 is accumulated for 2 N number of OFDM symbols, and 

45 updates an output of the bit shift circuit 2401 . When an output of the time-oriented moving average circuit 2303 is not 
for 2 N number of OFDM symbols, a result of a previous bit shift operation is provided. When an output of the time- 
oriented moving average circuit 2303 is for one OFDM symbol, the bit shift circuit 2401 provides an input signal as it is. 
[0304] With the above operation, an output of the bit shift circuit 2401 is updated frequently in the former position of 
a packet, and is updated less in the latter position of a packet. However, in the latter position of a packet, thermal noise 

so component and phase noise component are removed efficientry, by calculating phase rotation information of each pilot 
signal per one OFDM symbol by using accumulated phase rotation information of each pilot signal. Therefore, the 
performance is not degraded even if update is less carried out in the latter position of a packet. As a circuit for bit shift 
operation is generally small, the total circuit structure is extremely simplified. An output of the bit shift circuit 2401, 
averaged phase rotation information of a pilot signal per one OFDM symbol, is applied to a delay compensator 2305. 

55 [0305] The current embodiment provides highly accurate compensation for phase rotation caused by residual carrier 
frequency error and phase rotation, which is impossible in a prior art, with simple circuit structure. 
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(Twenty-fifth embodiment) 

[0306] Fig.25 shows twenty-fifth embodiment, which is a modification of Fig.24, and is directed to claims 18, 29, 38 
and 39. The same numerals in Fig.25 as those in Fig.24 show the same members. 
5 [0307] An OFDM packet communication receiver in Fig.25 has a time-oriented moving average circuit 2501 , instead 
of a signal level information smoothing circuit 1802 in Fig.24. The time-oriented moving average circuit 2501 receives 
a signal level information of each pilot signal for each OFDM symbol supplied by the signal level detector 1801 . 
[0308] It is assumed in Fig.25 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

10 [0309] A time-oriented moving average circuit 2501 carries out the moving average of signal level information of 
each pilot signal along time axis. The moving average process provides the smoothing of signal level information of 
each pilot signal provided by the signal level detector 1801 . The moving averaged signal level information is applied 
to a weighting circuit 1803. 

[0310] When condition of transmission channel fluctuates in a packet by fading, the signal level of each subcamer 
15 depends upon the location of the OFDM symbol including the subcamer in a packet, therefore, the signal level infor- 
mation of subcarriers in a plurality of OFDM symbols is averaged, or moving averaged for each subcamer, so that 
noise component is suppressed, and signal level of each subcamer can be detected following the fluctuation of channel 
characteristics in a packet. Thus, even when channel characteristics fluctuate in a packet, the current embodiment 
provides highly accurate compensation of phase rotation caused by residual carrier frequency error and phase noise 
20 with simple circuit structure. That compensation is impossible in a prior art. 

(Twenty-sixth embodiment) 

[031 1 ] Fig.26 shows twenty-sixth embodiment, which is a modification of Fig.24, and is directed to claims 1 8, 30, 38 
25 and 39. The same numerals in Fig.26 as those in Fig.24 show the same members. 

[031 2] An OFDM packet communication receiver in Fig.26 has an integration circuit 2601 and a division circuit 2602, 
instead of a signal level information smoothing circuit 1802 in Fig.24. The integration circuit 2601 receives signal level 
information of each pilot signal provided by the signal level detector 1801 . 

[0313] It is assumed in Fig.26 that pilot signals which are known are transmitted by using a part of subcarriers in 
30 OFDM signals. 

[0314] The integration circuit 2601 integrates signal level information of pilot signals provided by the signal level 
detector 1801 along time axis for each subcamer. The integrated signal level information of a pilot signal is applied to 
the division circuit 2602, which divides the integrated signal level information of pilot signals by the number of OFDM 
symbols for the integration, so that a signal level information per one OFDM symbol is obtained. As the signal level 

35 information of a pilot signal per one OFDM symbol is thus calculated by using the integrated signal level information 
of pilot signals, the effect of thermal noise is effectively suppressed in the latter part of a packet. The signal level 
information per one OFDM symbol provided by the division circuit 2602 is applied to a weighting circuit 1 803. 
[0315] When the condition of transmission channel by fading hardly changes within a packet, signal level of each 
subcamer can be obtained by integrating signal level of subcamer and dividing the integrated signal level information 

40 by the number of integration, i.e. , the number of integrated OFDM symbols. In this case, since the number of integrated 
OFDM symbols becomes large at the latter position of a packet, the effect of smoothing, t.e., the effect of noise sup- 
pression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 
suppressed. Therefore, signal level of each subcamer is detected accurately. 

[0316] Thus, in the current embodiment, when channel characteristics hardly changes within a packet, highly accu- 
rate compensation of phase rotation caused by residual carrier frequency error and phase noise, which is impossible 
in a prior art, can be obtained with simple circuit structure. 

(Twenty-seventh embodiment) 

50 [031 7] Fig.27 shows twenty-seventh embodiment, which is a modification of Fig.26, and is directed to claims 1 8, 31 , 
38 and 39. The same numerals in Fig.27 as those in Fig.26 show the same members. 

[0318] An OFDM packet communication receiver in Fig.27 has a bit shift circuit 2701, instead of a division circuit 
2602 in Fig.26. The bit shift circuit 2701 receives an integrated signal level information from the integration circuit 2601 . 
[0319] It is assumed in Fig.27 that pilot signals which are known are transmitted by using a part of subcarriers in 
55 OFDM signals. 

[0320] When the number of OFDM symbols for integration process in the integration circuit 2601 is expressed by 2 N 
(N is an integer), the bit shift circuit 2701 carries out the bit shift operation of N bits of the integrated signal level 
information of the pilot signals provided by the integration circuit 2601 so that signal level per one OFDM symbol is 
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obtained. The bit shift operation of N bits is the same as the division by N. The bit shift operation is carried out only 
when the number of OFDM symbols integrated in the integration circuit 2601 is expressed as 2 N , and an output of the 
bit shift circuit 2701 is updated only when the bit shift operation is carried out. When the number of symbols is not 
expressed by 2 N , an output of the previous bit shift operation is provided at the output of the bit shift circuit 2701 . When 

5 the number of OFDM symbols is one, the bit shift circuit 2701 outputs an input signal as it is. 

[0321] With the above operation, the output of the bit shift circuit 2701 is updated frequently at the former position 
of a packet, and updated less at the latter position of a packet. In this regard, thermal noise is suppressed effectively 
at the latter position of a packet when signal level of a pilot signal per one OFDM symbol is detected by using an 
integrated signal level, therefore, the total performance does not degrade even if the bit shift is updated less in the 

10 latter position of a packet. As a circuit structure for bit shift operation is generally small, the current embodiment ex- 
tremely simplifies the circuit structure. A signal level information of a pilot signal per one OFDM symbol calculated by 
the bit shift circuit 2701 is applied to a weighting circuit 1803. 

[0322] When the condition of transmission channel by fading hardly changes within a packet, signal level of each 
subcarrier can be obtained by integrating signal level of subcarrier for each subcarrier, and dividing the integrated value 

is by the number of integration, i.e., the number of integrated OFDM symbols. In this case, since the number of OFDM 
symbols for integration becomes large at the latter position of a packet, the effect of smoothing, i.e., the effect of noise 
suppression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 
suppressed. Therefore, highly accurate signal level information of each subcarrier can be detected. Further, as the 
division for providing a signal level per one OFDM symbol is implemented by a bit shift circuit, a circuit structure can 

20 be simplified. Further, as the bit shift operation is carried out only when the number of integrated OFDM symbols is 
expressed by 2 N , bit shift operation is not required for every OFDM symbols, and the number of bit shift operation is 
less in the latter position of a packet, thus, power consumption is extremely saved. Thus, when channel condition 
hardly changes within a packet, a highly accurate compensation of phase rotation caused by residual carrier frequency 
error and phase noise is achieved with a simple circuit structure, which is impossible in a prior art. 

25 

(Twenty-eighth embodiment) 

[0323] Fig.28 shows twenty-eighth embodiment, which is a modification of Fig. 18, and is directed to claims 18, 22, 
40 and 41 . The same numerals in Fig.28 as those in Fig. 18 show the same members. 
30 [0324] A phase rotation information detection block 2800 in Fig.28 comprises a specific symbol's subcarrier signal 
extractor 2803, a hard decision circuit 2804, and a phase rotation detector 2805. A common phase rotation detection 
block 2801 comprises an intra-symbol averaging circuit 2806, a unit amount calculator 2807, and a phase rotation 
estimator 2808. 

[0325] The channel estimation result provided by the channel estimator 1 06 is applied to a coherent detection circuit 
35 1 07 and a weight coefficient calculator 2802, which calculates a weight coefficient for each subcarrier depending upon 
signal quality of each subcarrier according to channel estimation result provided by the channel estimator 106. For 
instance, received signal level of each subcarrier can be a measure of the signal quality of the subcarrier. The signal 
level of a received signal can be easily obtained by using channel estimation result of a subcarrier provided by the 
channel estimator 106. For instance, the received signal level can be obtained by calculating square of amplitude 
to component of the channel estimation result of each subcarrier. The weight coefficient provided by the weight coefficient 
calculator 2802 is applied to a weighting circuit 1 803. 

[0326] An output of a coherent detection circuit 1 07 is applied to a phase compensation circuit 1 805, and a specific 
symbol's subcarrier signal extractor 2803, which extracts all the coherently detected signals relating to the subcarriers 
included in the specific at least one OFDM symbol located close to a head of a packet. An output of the specific symbol's 

45 subcarrier signal extractor 2803 is applied to a hard decision circuit 2804 and a phase rotation detector 2805. The hard 
decision circuit 2804 carries out hard decision of coherently detected signal supplied by the specific symbol's subcarrier 
signal extractor 2803. The hard decision result is applied to the phase rotation detector 2805, which detects phase 
rotation of extracted subcarrier signals supplied by the specific symbol's subcarrier signal extractor 2803, caused by 
residual carrier frequency error, according to the hard decision result. When the extracted subcarrier signals are mod- 

50 uiated by using BPSK modulation scheme, the signal after coherent detection locates at SO or S1 in Fig. 46. However, 
when an output signal of the synchronization circuit 1 03 has phase rotation caused by residual carrier frequency error, 
a coherently detected signal has phase rotation proportional to residual carrier frequency error, an output (e.g., R0 or 
R1 in Fig.46) of the coherent detection circuit 107 does not coincide with a reference signal SO or S1 in Fig.46. The 
phase rotation detector 2805 provides a phase rotation information or its equivalent signal of each extracted subcarrier 

55 signal. When the coherent detection circuit 1 07 outputs a signal R0 (see Fig.46), the hard decision circuit 2804 outputs 
the reference signal SO which is the closest to the signal R0, and the phase rotation detector 2805 detects and outputs 
the phase difference P0 between the reference signal SO and the received signal R0. On the other hand, when the 
coherent detection circuit 107 outputs a signal R1 (see Fig.46), the hard decision circuit 2804 outputs the reference 
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signal S1 which is the closest to the signal R1, and the phase rotation detector 2805 detects and outputs the phase 
difference P1 between the reference signal S1 and the received signal R1 . The phase rotation information provided 
by the phase rotation detector 2805 is applied to the weighting circuit 1 803, which gives an weight to the phase rotation 
information provided by the phase rotation detector 2805 according to the weight coefficient of each subcarrier provided 
5 by the weight coefficient calculator 2802. The weighting operation functions to mitigate the effect of the use of phase 
rotation information which has low reliability caused by fading et al. 

[0327] The weighted phase rotation information of a subcarrier is applied to an intra-symbol averaging circuit 2806, 
which carries out the averaging process of the weighted phase rotation information of all the subcarriers in the current 
OFDM symbol, so that the effect by thermal noise and others added at the receiving circuit 102 is suppressed, and 
10 the phase rotation common to all the subcarriers caused by residual carrier frequency error can be detected with high 
accuracy. An output of the intra-symbol averaging circuit 2806 is applied to a unit amount calculator 2807, which cal- 
culates phase rotation of a detected signal per one OFDM symbol caused by residual carrier frequency error according 
to the highly accurate phase rotation information provided by the intra-symbol averaging circuit 2806. This calculation 
can be simply implemented by dividing highly accurate phase rotation information provided by the intra-symbol aver- 
ts aging circuit 2806 by a quotient of time interval between a preamble signal for channel estimation (see Fig.44) and the 
specific OFDM symbol, divided by the OFDM symbol duration. 

[0328] An output of the unit amount calculator 2807 is applied to a phase rotation estimator 2808, which estimates 
phase rotation of each detected signal provided by the coherent detection circuit 1 07 according to the equation (6), by 
using an output of the unit amount calculator 2807. The estimation of the phase rotation can be easily implemented 

20 by the product operation of a quotient of time interval between a preamble signal for channel estimation (see Fig.44) 
and the OFDM symbol which includes the current coherently detected signal, divided by time interval of the OFDM 
symbol duration, and the phase rotation per one OFDM symbol supplied by the unit amount calculator 2807. An output 
of the phase rotation estimator 2808 is applied to a phase compensator 1 805, which compensates phase error caused 
by residual carrier frequency error of the detected signal provided by the coherent detection circuit 107 according to 

2s the estimated phase rotation information provided by the phase rotation estimator 2808. 

[0329] Thus, when output signals of the synchronization means includes residual carrier frequency error, the detected 
signals of all the subcarriers in a specific OFDM symbol provided by the coherent detection circuit 107 are subject to 
phase rotation caused by residual carrier frequency error as shown in the equation (6), and the detected signal is 
located offset from a reference signal in a phase plane. Therefore, the residual carrier frequency error or the phase 

30 rotation per one OFDM symbol caused by residual carrier frequency error can be detected according to the equation 
(6) by detecting the phase rotation between a detected signal and a reference signal. As the detection is carried out 
by using the coherently detected signals of all the subcarriers in a specific OFDM symbol, highly accurate detection 
can be realized. 

[0330] Further, a reference signal can be obtained by hard decision of a detected signal. If subcarriers in the specific 
35 OFDM symbol are modulated by using lower rate modulation scheme than other OFDM symbols (for instance the 
specific OFDM symbol is modulated by BPSK, and other symbols are modulated by 16QAM), the hard decision can 
be carried out accurately, because a signal modulated by using low rate modulation scheme is generally less affected 
by noise component than a signal modulated by using high rate modulation scheme. Thus, the residual carrier frequency 
error or the ph ase rotation per one O FDM symbol caused by residual carrier frequency error can be accurately detected. 
to [0331 ] Further, by using this detection result, the phase rotation of the detected signal in the OFDM symbols except 
for said specific OFDM symbol can be obtained according to the equation (6). Therefore, if said specific OFDM symbol 
is located close to the head of a packet, the phase rotation compensation of all coherently detected signals in a packet 
can be carried out with short process delay. 

[0332] Further, under frequency-selective fading which frequently occurs in radio communication, communication 
45 quality of a certain subcarrier becomes different from that of the other subcarriers. Therefore, by giving large weight 
to a phase rotation information of the subcarrier with good communication quality, the effect by fading can be sup- 
pressed, and residual carrier frequency error can be accurately detected. Further, the smoothed phase rotation infor- 
mation of an OFDM symbol provides the mitigation of the effect of thermal noise and others, and improves the accuracy 
of residual carrier frequency error detection. 
so [0333] Thus, the current embodiment realizes highly accurate compensation of phase rotation caused by residual 
carrier frequency error with small process delay, which is impossible in a prior art. 

(Twenty-ninth embodiment) 

55 [0334] Fig.29 shows twenty-ninth embodiment, which is a modification of Fig.28, and is directed to claims 18, 22, 
23, 40, 41 and 42. The same numerals in Fig.29 as those in Fig.28 show the same members. 
[0335] A phase rotation information detection block 2900 in Fig.29 comprises a specific symbol's subcarrier signal 
extractor 2803, a hard decision circuit 2804, and a reverse modulator 2902. A common phase rotation detection block 
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2901 comprises an intra-symbol vector sum calculator 2903, a phase detector 2904, a unit amount calculator 2807 
and a phase rotation estimator 2801 . 

[0336] An output of the specific symbol's subcarrier signal extractor 2803 Is applied to a hard decision circuit 2804 
and a reverse modulator 2902. The decision result provided by the hard decision circuit 2804 is applied to the reverse 
5 modulator 2902, which reversely modulate the detected signal extracted from said specific OFDM symbol on the base- 
band region, and outputs complex vector signal which is reversely modulated. 

[0337] The reverse modulation removes signal component produced through modulation process in a transmitter, 
and therefore, the reversely modulated signal includes only phase component caused by phase rotation due to residual 
carrier frequency error, and thermal noise component and such like added to a signal in the receiving circuit 102. 

10 [0338] The complex vector signal of each subcarrier thus reversely modulated is applied to a weighting circuit 1 803, 
which gives an weight to the complex vector signal according to the weight coefficient supplied by the weight coefficient 
calculator 2802. The weighting operation can be, for instance, realized by exchanging amplitude component of the 
complex vector signal with the weight coefficient provided by the weight coefficient calculator 2802. This weighting 
operation suppresses the undesireable effect caused by using the unreliable phase rotation information due to fading 

is and others. 

[0339] An output of the weighting circuit 1803 is applied to an intra-symbol vector sum calculator 2903, which cal- 
culates the vector sum of all the weighted complex vector signals relating the current OFDM symbol. This vector sum 
operation provides the smoothed phase component of the complex vector signals, so that the undesirable effect of 
thermal noise and others added at the receiving circuit 102 is suppressed. In other words, phase component of the 

20 complex vector signal supplied by the intra-symbol vector sum calculator 2903 accurately indicates the phase rotation 
information which is common to all the subcarriers caused by residual earner frequency error. 
[0340] An output of the intra-symbol vector sum calculator 2903 is applied to a phase detector 2904, which detects 
phase component of an output of the intra-symbol vector sum calculator 2903. The phase component information 
detected by the phase detector 2904 is applied to a unit amount calculator 2807. 

25 [0341] Thus, the current embodiment provides accurate compensation of phase rotation caused by residual carrier 
frequency error with small process delay, which is impossible in a prior art. 

(Thirtieth embodiment) 

30 [0342] Fig. 30 shows thirtieth embodiment, which is a modification of Fig.29, and is directed to claims 1 8, 22, 24, 40, 
41 and 42. The same numerals in Fig. 30 as those in Fig.29 show the same members. 

[0343] In Fig. 30, a phase rotation information detection block 3000 comprises a specific symbol's subcarrier signal 
extractor 2803, a hard decision circuit 2804, and a sign controller 3001 . 

[0344] It is assumed in Fig.30 that each subcarrier signal in at least one specific OFDM symbol used for detecting 
35 phase rotation caused by residual carrier frequency error is so modulated that transition from a reference signal point 
to another reference signal point is expressed merely by code inversion, such as BPSK or QPSK. 
[0345] An output of the specific symbol's subcarrier signal extractor 2803 is applied to a hard decision circuit 2804 
and a sign controller 3001 , which realizes the reverse modulation operation of an input signal by code inversion. An 
output of the sign controller 3001 is applied to a weighting circuit 1 803. 
40 [0346] When a subcarrier is so modulated that transition from a reference signal point to another reference signal 
point is carried out merely by code inversion, such as BPSK or QPSK, reverse modulation can be realized by simple 
code inversion, therefore, reverse modulation means is simplified. Thus, the current embodiment provides accurate 
compensation for phase rotation caused by residual carrier frequency error with simple circuit structure and small 
process delay. 

45 

(Thirty-first embodiment) 

[0347] Fig.31 shows thirty-first embodiment, which is a modification of Fig.28, and is directed to claim 26. The same 
numerals in Fig.31 as those in Fig.28 show the same members. 
so [0348] It is assumed in Fig.31 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0349] An output of a coherent detection circuit 1 07 is applied to a specific symbol's subcarrier signal extractor 2803, 
a phase rotation compensator 1805, and a pilot signal extractor 3101. The pilot signal extractor 3101 extracts pilot 
signals from the detected signals provided by the coherent detection circuit 107. An output of the pilot signal extractor 
55 31 01 is applied to a phase rotation detector 31 02. The phase rotation detector 31 02 also receives a reference signal 
from a reference signal generator 3103, which supplies a reference signal corresponding to the output pilot signal of 
the pilot signal extractor 3101. As a pilot signal is a known signal, a reference signal is easily obtained. The phase 
rotation detector 3102 detects phase rotation of the pilot signal according to the reference signal provided by the 
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reference signal generator 31 03. An output of the phase rotation detector 31 02 is applied to a common phase rotation 
detector 31 04, which detects phase rotation per one OFDM symbol common to all coherently detected signals, caused 
by residual carrier frequency error, and provides an output as residual carrier frequency error information, which is 
applied to a selector 31 06. 

5 [0350] On the other hand, the weighted phase rotation information provided by the weighted circuit 1803 is applied 
to a common phase rotation detector 3105, which detects phase rotation per one OFDM symbol caused by residual 
carrier frequency error, and outputs the detected phase rotation information as residual carrier frequency error infor- 
mation. The output of the common phase rotation detector 31 05 is applied to the selector 31 06. 

[0351] The difference of residual carrier frequency error information between outputs of the common phase rotation 

10 detectors 31 04 and 31 05 is briefly described. 

[0352] First input of the selector 31 06 from the common phase rotation detector 31 04 is detected from the coherently 
detected signal relating to a pilot signal, and second input of the selector 31 06 from the common phase rotation detector 
3105 is detected from the coherently detected signals included in the specific OFDM symbol. Naturally, the carrier 
frequency error information obtained by using more coherently detected signals is more accurate. 

is [0353] In the current embodiment, it is assumed that pilot signals are transmitted by using a part (plural) of subcarriers 
in OFDM signals, and therefore, the number of pilot signals increases with elapse of time or increase of the number 
of processed OFDM symbols, although the number of coherently detected signals included in the specific OFDM symbol 
is fixed. Assuming that an OFDM symbol includes 52 subcarriers, and 4 subcarriers among said 52 subcarriers are 
used to transmit pilot signals, and the number of said specific OFDM symbols is one, then, if the common phase rotation 

20 detector 3104 treats more than 52 pilot signals included in more than 13 OFDM symbols, the output residual carrier 
frequency error information of the common phase rotation detector 31 04 becomes more accurate obviously than that 
of the common phase rotation detector 3105. However, if the common phase rotation detector 3104 treats less than 
52 pilot signals, the more accurate information is obtained by the common phase rotation detector 3105. 
[0354] The selector 31 06 selects one of the input signals from the common phase rotation detector 31 04 and common 

25 phase rotation detector 31 05 so that the more accurate signal is selected. For instance, as mentioned above, the signal 
accuracy can be easily judged by the number of OFDM symbols processed at the coherent detection circuit 107 . An 
output of the selector 31 06 is applied to a phase rotation estimator 2808. 

[0355] When output signals of the synchronization circuit 1 03 include residual carrier frequency error, detected sig- 
nals of all the subcarriers in the specific OFDM symbol provided by the coherent detection circuit 1 07 have phase 

30 rotation common to all the subcarriers depending upon residual carrier frequency error as shown in the equation (6), 
and the detected signals are offset from the reference signals on the phase plane. Therefore, by detecting the difference 
between a coherently detected signal and a reference signal and calculating the phase rotation common to all the 
coherently detected signal in the OFDM symbol, the residual carrier frequency error or the phase rotation per one 
OFDM symbol caused by the residual carrier frequency error can be detected according to the equation (6). The 

35 accuracy of the detection is high, since all the subcarriers in the specific OFDM symbol are used for the detection. 
[0356] Moreover, as described above, a reference signal can be obtained through hard decision of a detected signal. 
If subcarriers in the specific OFDM symbol are modulated by using lower rate modulation scheme than other OFDM 
symbols (for instance the specific OFDM symbol is modulated by BPSK, and other symbols are modulated by 1 6QAM), 
the hard decision can be carried out accurately, because a signal modulated by using low rate modulation scheme is 

40 generally less affected by noise component than a signal modulated by using high rate modulation scheme. Thus, 
residual carrier frequency error or phase rotation per one OFDM symbol caused by residual carrier frequency error 
can be accurately detected. 

[0357] Further, by using the detection result, the phase rotation of the detected signals in other OFDM symbols can 
be easily obtained by using the equation (6), therefore, if the specific OFDM symbol locates nearby a head of a packet, 

45 phase rotation of each detected signal can be obtained from nearby the head of a packet with small process delay. 
[0358] Further, under frequency selective fading which frequently occurs in radio communication, communication 
quality of a certain subcarrier becomes different from that of the other subcarriers. Therefore, by giving large weight 
to a phase rotation information of the subcarrier with good communication quality, the effect by fading can be sup- 
pressed, and residual carrier frequency error can be accurately detected. 

so [0359] However, if phase rotation caused by residual earner frequency error is detected by using only the signals in 
the specific OFDM symbol, high detection accuracy beyond a certain accuracy level can not be obtained. When phase 
rotation is detected not only by using the signals in the specific OFDM symbol, but also enough large number of pilot 
signals in OFDM symbols and calculating sufficiently averaged phase rotation information per one OFDM symbol, the 
accuracy of residual carrier frequency error detection can be improved. However, as enough many pilot signals must 

6 be processed for the highly accurate detection, when OFDM symbols located nearby the head of a packet are proc- 
essed, phase rotation detection by using pilot signals is not so accurate. In particular, the number of pilot signals 
included in one OFDM symbol is smaller than that of subcarriers, the accuracy of residual carrier frequency error 
detected by using pilot signals in OFDM symbols close to a head of a packet becomes less accurate as compared to 
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that by using all the subcarriers in the specific OFDM symbol. Therefore, in the present embodiment, as for phase 
rotation in the OFDM symbols close to a head of a packet, all the subcarriers in the specific OFDM symbol are used 
for phase rotation compensation, and as for phase rotation in succeeding OFDM symbols, enough number of pilot 
signals in OFDM symbols are used for phase rotation compensation, so that highly accurate phase rotation compen- 
s sation can be performed throughout a packet. 

[0360] Thus, the current embodiment provides highly accurate compensation for phase rotation caused by residual 
carrier frequency error with small delay, which is impossible in a prior art. 

(Thirty-second embodiment) 

10 

[0361] Fig.32 shows a thirty-second embodiment, which is a modification of Fig.31 , and is directed to claims 26 and 
44. The same numerals in Fig.32 as those in Fig.31 show the same members. 

[0362] It is assumed in Fig.32 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

15 [0363] In Fig.32, a common phase rotation detection block 3200 comprises an intra-symbol averaging circuit 3201 
and a unit amount calculator 3202. 

[0364] A weighted phase rotation information provided by the weighting circuit 1803 is applied to an intra-symbol 
averaging circuit 3201 , which averages the weighted phase rotation information of all the subcarriers in the specific 
O FDM symbol, so that the undesired effect of thermal noise and others added in the receiving circuit 1 02 is suppressed, 

20 and phase rotation common to all the subcarriers caused by residual carrier frequency error is accurately detected. 
An output of the intra-symbol averaging circuit 3201 is applied to a unit amount calculator 3202, which calculates phase 
rotation per one OFDM symbol. An output of the unit amount calculator 3202 is applied to a selector 31 06. 
[0365] As above described, the phase rotation detection accuracy can be improved because the effect of thermal 
noise and others is suppressed by the averaging operation within the specified OFDM, symbol. Thus, the current 

25 embodiment provides highly accurate phase rotation compensation caused by residual carrier frequency error with 
small process delay, which is impossible in a prior art. 

(Thirty-third embodiment) 

30 [0366] Fig.33 shows a thirty-third embodiment, which is a modification of Fig.32, and is directed to claims 26, 44, 45 
and 49. The same numerals in Fig.33 as those in Fig.32 show the same members. 

[0367] It is assumed in Fig.33 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0368] A common phase rotation detection block 3300 in Fig.33 comprises an intra-symbol vector sum calculator 

35 3302, a phase detector 3303, and a unit amount calculator 3202. 

[0369] An output of a specific symbol's subcarrier signal extractor 2803 is applied to a reverse modulator 3301 , and 
a hard decision circuit 2804. The output of the hard decision circuit 2804 is applied to the reverse modulator 3301 . The 
reverse modulator 3301 carries out reverse modulation for each signal provided by the specific symbol's subcarrier 
signal extractor 2803 on baseband, and outputs reversely modulated complex vector signal. The reverse modulation 

40 removes signal component produced through modulation process in a transmitter, and therefore, the reversely mod- 
ulated signal includes only phase component caused by phase rotation due to residual carrier frequency enor, and 
thermal noise component added to a signal in the receiving circuit 102. An output of the reverse modulator 3301 is 
applied to a weighting circuit 1803, which gives an weight to the complex vector signal according to the weight coefficient 
supplied by the weight coefficient calculator 2802. The weighting operation can be, for instance, realized by exchanging 

45 amplitude component of the complex vector signal with the weight coefficient provided by the weight coefficient calcu- 
lator 2802. An output of the weighting circuit 1803 is applied to an intra-symbol vector sum calculator 3302, which 
calculates the vector sum of all the weighted complex vector signals of the OFDM symbol. The vector sum operation 
provides the smoothed phase component of the complex vector signals, so that the undesirable effect of thermal noise 
and others added at the receiving circuit 102 is suppressed. Thus, phase component of the complex vector signal 

50 provided by the intra-symbol vector sum calculator 3302 accurately indicates the phase rotation information which is 
common to ail the subcarriers caused by residual carrier frequency error. An output of the intra-symbol vector sum 
calculator 3302 is applied to a phase detector 3303, which detects phase component of the complex vector signal 
provided by the intra-symbol vector sum calculator 3302. The phase component information detected by the phase 
detector 3303 is applied to a unit amount calculator 3202. 

55 [0370] Thus, the current embodiment provides highly accurate compensation of phase rotation caused by residual 
carrier frequency error with small process delay, which is impossible in a prior art. 



33 



EP1 172 956 A1 



(Thirty-fourth embodiment) 

[0371] Fig.34 shows a thirty-fourth embodiment, which is a modification of Fig.33, and is directed to claims 26, 44, 
46 and 49. The same numerals in Fig.34 as those in Fig.33 show the same members. 

[0372] It is assumed in Fig.34 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0373] in Fig.34, it is assumed that the subcarriers in an at least one specific OFDM symbol which are used for 
detecting phase rotation caused by residual carrier frequency error are modulated so that a transition from a reference 
signal point to another reference signal point is expressed merely by inversion of a code, such as BPSK and QPSK. 
[0374] An output of a specific symbol's subcarrier signal extractor 2803 is applied to a sign controller 3401 and a 
hard decision circuit 2804. The sign controller 3401 realizes the reverse modulation operation of an input signal by 
code inversion. The output of the sign controller 3401 is applied to a weighting circuit 1 803. 

[0375] When a subcarrier is so modulated that transition from a reference signal point to another reference signal 
point is carried out merely by code inversion, such as BPSK or QPSK, reverse modulation can be realized by simple 
code inversion, therefore, reverse modulation means is simplified. 

[0376] Thus, the current embodiment provides highly accurate phase rotation compensation caused by residual 
carrier frequency error with simple structure and small process delay, which Is impossible in a prior art,. 

(Thirty-fifth embodiment) 

20 

[0377] Fig.35 shows a thirty-fifth embodiment, which is a modification of Fig.32, and is directed to claims 26, 34, 35, 
44 and 47. The same numerals in Fig.35 as those in Fig.32 show the same members. 

[0378] It is assumed in Fig.35 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

25 [0379] An phase rotation accumulation block 3501 comprises a phase difference calculator 3504, a delay circuit 

3505, and an integration circuit 3506. A common phase rotation detection block 3500 comprises an intra-symbol av- 
eraging circuit 3503, a phase rotation accumulation block 3501 , a time-oriented moving average circuit 3507, and a 
division circuit 3508. 

[0380] A phase rotation information of a pilot signal provided by a phase rotation detector 31 02 is applied to a weight- 
so ing circuit 3502, which gives a weight to the phase rotation information of a pilot signal according to the weight coefficient 
supplied by a weight coefficient calculator 2802. This weighting operation mitigates undesired effect caused by the use 
of unreliable phase rotation information of a poor subcarrier due to fading. An output of the weighting circuit 3502 is 
applied to an intra-symbol averaging circuit 3503, which averages the weighted phase rotation information provided 
by the weighting circuit 3502. When the weighting circuit 3502 provides an output phase rotation information signal in 
35 the form of a vector signal, the averaging operation of the phase rotation information can be realized by the vector sum 
operation. An output of the intra-symbol averaging circuit 3503 is applied to a phase difference calculator 3504 and a 
delay circuit 3505, which delays an input signal by one OFDM symbol duration. A output of the delay circuit 3505 is 
applied to the phase difference calculator 3504, which calculates difference between a delayed phase rotation infor- 
mation provided by the delay circuit 3505 and a phase rotation information provided by the intra-symbol averaging 
40 circuit 3503, and outputs the obtained phase difference information for each OFDM symbol to the integration circuit 

3506. The integration circuit 3506 integrates the phase difference information so that accumulated phase rotation 
caused by residual carrier frequency error and phase noise is obtained. This accumulated phase rotation indicates the 
accumulated phase rotation caused by residual earner frequency error and phase noise of the detected signal in the 
relating OFDM symbol provided by the coherent detection circuit 1 07. An output of the integration circuit 3506 is applied 

45 to a time-oriented moving average circuit 3507, which averages the accumulated phase rotation information through 
a plurality of OFDM symbols along time axis. The moving average operation mitigates the undesired effect of thermal 
noise and others added in the receiving circuit 102. An output of the time-oriented moving average circuit 3507 is 
applied to a division circuit 3508, which divides the moving averaged accumulated phase rotation information by the 
number of related OFDM symbols, so that the phase rotation per one OFDM symbol is obtained. For instance, assuming 

50 that the integration circuit 3506 carries out integration process for 10 OFDM symbols, and the time-oriented moving 
average circuit 3507 carries out moving average process for 3 OFDM symbols, the delay equivalent to one OFDM 
symbol duration is inevitably happens by the moving average process for 3 OFDM symbols. Therefore, the division 
circuit 3508 divides the input signal by 9, so that phase rotation information for one OFDM symbol is obtained. 
[0381] If the integration circuit 3506 integrates the number of signals larger than the number of OFDM symbols 

55 extracted by the specific symbol's subcarrier signal extractor 2803, the division circuit 3508 can provide more accurate 
phase rotation information per one OFDM symbol than that provided by the unit amount calculator 3202. An output of 
the division circuit 3508 is applied to a selector 3106. As above described, the phase rotation which is weighted ac- 
cording to accurate signal quality information is averaged within one OFDM symbol, so that noise component induded 
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in the phase rotation is suppressed. Thus, the phase rotation information common to all the subcarriers caused by 
residual carrier frequency error can be accurately detected. Further, the information of phase rotation per one OFDM 
symbol, caused by residual carrier frequency error, can be accurately calculated, because the accumulated phase 
rotation information is divided by the number of accumulated OFDM symbols. Further, phase rotation per one OFDM 
5 symbol is accurately detected, because the moving average operation of said accumulated phase rotation information 
before said dividing operation suppresses the undesired effect of thermal noise. 

[0382] Thus, the current embodiment provides highly accurate compensation of phase rotation caused by residual 
carrier frequency error with small process delay, which is impossible in a prior art. 

io {Thirty-sixth embodiment) 

[0383] Fig.36 shows a thirty-sixth embodiment, which is a modification of Fig.35, and is directed to claims 26, 34, 
35, 44, 45, 47 and 49. The same numerals in Fig.36 as those in Fig.35 show the same members. 
[0384] It is assumed in Fig.36 that pilot signals which are known are transmitted by using a part of subcarriers in 
15 OFDM signals. 

[0385] A common phase rotation detection block 3600 in Fig.36 comprises an intra-symbol vector sum calculator 
3602, a phase detector 3603 and a unit amount calculator 3604. 

[0386] An output of a specific symbol's subcarrier signal extractor 2803 is applied to a reverse modulator 3601 and 
a hard decision circuit 2804. The hard decision circuit 2804 provides the decision result to the reverse modulator 3601 . 

20 The reverse modulator 3601 carries out the reverse modulation of the signals provided by the specific symbol's sub- 
carrier signal extractor 2803 on baseband according to the hard decision result provided by the hard decision circuit 
2804, and provides the reversely modulated signals in the form of complex vector signal. The reverse modulation 
removes signal component produced through modulation process in a transmitter, and therefore, the reversely mod- 
ulated signal includes only phase component caused by phase rotation due to residual carrier frequency error, and 

25 thermal noise component added to a signal in the receiving circuit 102. An output of the reverse modulator 3301 is 
applied to a weighting circuit 1 803, which gives an weight to the complex vector signal according to the weight coefficient 
supplied by the weight coefficient calculator 2802. The weighting operation can be, for instance, realized by exchanging 
amplitude component of the complex vector signal with the weight coefficient provided by the weight coefficient calcu- 
lator 2802. An output of the weighting circuit 1803 is applied to an intra-symbol vector sum calculator 3602, which 

30 calculates the vector sum of all the weighted complex vector signals of the OFDM symbol. The vector sum operation 
provides the smoothed phase component of the complex vector signals, so that the undesirable effect of thermal noise 
and others added at the receiving circuit 102 is suppressed. Therefore, the phase component of the complex vector 
signal provided by the intra-symbol vector sum calculator 3602 accurately indicates the phase rotation information 
which is common to all the subcarriers caused by residual carrier frequency error. An output of the intra-symbol vector 

35 sum calculator 3602 is applied to a phase detector 3603, which detects phase component of the complex vector signal 
provided by the intra-symbol vector sum calculator 3602. The phase component information detected by the phase 
detector3603 is applied to a unit amount calculator 3604. 

[0387] Thus, the current embodiment provides highly accurate compensation of phase rotation caused by residual 
carrier frequency error with small process delay, which is impossible in a prior art. 

40 

(Thirty-seventh embodiment) 

[0388] Fig.37 shows a thirty-seventh embodiment, which is a modification of Fig.36, and is directed to daims 26, 34, 
35, 44, 46, 47 and 49. The same numerals in Fig.37 as those in Fig.36 show the same members. 
45 [0389] It is assumed in Fig.37 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0390] It is assumed in Fig.37 that the subcarriers in the at least one specific OFDM symbol which are used for 
detecting phase rotation caused by residual carrier frequency error are modulated so that transition from a reference 
signal point to another reference signal point is expressed merely by code inversion, such as BPSK and QPSK. 
50 [0391] An output of a specific symbol's subcarrier signal extractor 2803 is applied to a sign controller 3701 and a 
hard decision circuit 2804. The sign controller 3701 realizes the reverse modulation operation of an input signal by 
code inversion. An output of the sign controller 3701 is applied to a weighting circuit 1 803. 

[0392] When a subcarrier is modulated so that transition from a reference signal point to another reference signal 
point is carried out merely by code inversion, such as BPSK and QPSK, reverse modulation can be realized by simple 
55 code inversion, and thus, a reverse modulation means is simplified. 

[0393] Thus, the current embodiment provides highly accurate phase rotation compensation caused by residual 
carrier frequency error with a simple circuit structure and small process delay, which is impossible in a prior art. 



35 



EP1 172 956 A1 



(Thirty-eighth embodiment) 

[0394] Fig.38 shows a thirty-eighth embodiment, which is a modification of Fig.1 7, and is directed to claims 17, 20, 
25, 32, 33 and 43. The same numerals in Fig.38 as those in Fig.t 7 show the same members. 
5 [0395] It is assumed in Fig.38 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

[0396] It is further assumed in Fig.38 that sampling clock frequency is synchronized with carrier frequency in a trans- 
mitter, and an OFDM packet communication receiver in Fig.38 controls a clock frequency so that it synchronizes with 
carrier frequency. 

w [0397] A phase rotation information detection block 3800 in Fig.38 comprises a pilot signal extractor 3803, a phase 
rotation detector 3804, and a reference signal generator 3805. A common phase rotation detection block 3801 com- 
prises an intra-symbol averaging circuit 3808, a phase rotation accumulator 3809, a time-oriented moving average 
circuit 3810, a division circuit 3811 and a delay compensator 3812. 

[0398] The channel estimation result provided by the channel estimator 1 06 is applied to a coherent detection circuit 

15 107 and a weight coefficient calculator 3802, which calculates a weight coefficient for each subcanier depending upon 
communication quality of each subcarrier according to the channel estimation result of each subcanier provided by 
the channel estimator 1 06. For instance, received signal level of each subcanier can be a measure of the signal quality 
of the subcarrier. An output of the weight coefficient calculator 3802 is applied to a weighting circuit 3807. 
[0399] An output of the coherent detection circuit 107 is applied to a phase rotation compensator 3815 and a pilot 

20 signal extractor 3803, which extracts pilot signals from the output signals of the coherent detection circuit 1 07. A pilot 
signal extracted by the pilot signal extractor 3803 is applied to a phase rotation detector 3804. A reference signal 
generator 3805 provides a reference signal which relates to the pilot signal extracted by the pilot signal extractor 3803. 
As a pilot signal is a known signal, a reference signal relating to the pilot signal is easily obtained in a receiver. The 
reference signal provided by the reference signal generator 3805 is applied to the phase rotation detector 3804, which 

25 detects phase rotation of the pilot signal extracted by the pilot signal extractor 3803 according to the reference signal 
supplied by the reference signal generator 3805. An output of the phase rotation detector 3804 is applied to a clock 
frequency error mitigation circuit 3806. Moreover, The phase rotation information of each pilot signal caused by clock 
frequency error provided by a phase rotation estimator 903 is also applied to a clock frequency error mitigation circuit 
3806. The clock frequency error mitigation circuit 3806 removes phase rotation component of the phase rotation infor- 

30 mation provided by the phase rotation detector 3804, which is caused by the clock frequency error, according to the 
phase rotation information of each subcarrier provided by the phase rotation estimator 903. An output of the clock 
frequency error mitigation circuit 3806 is applied to the weighting circuit 3807, which gives a weight to the phase rotation 
information provided by the clock frequency error mitigation circuit 3806 according to the weight coefficient provided 
by the weight coefficient calculator 3802. This weighting operation suppresses the undesirable effect by the use of 

35 unreliable phase rotation information which is degraded by fading. 

[0400] An output of the weighting circuit 3807 is applied to an intra-symbol averaging circuit 3808, which carries out 
averaging operation of the output signals of the weighting circuit 3807 in each OFDM symbol, so that it suppresses 
the undesirable effect of thermal noise and others in the receiving circuit 102, and provides an accurate phase rotation 
information, caused by residual earner frequency error, common to all the subcarriers in each OFDM symbol. This 

40 averaging operation is carried out within each OFDM symbol, and therefore, it is equivalent to an averaging operation 
along frequency axis. An output of the intra-symbol averaging circuit 3808 is applied to the phase rotation accumulator 
3809, which calculates phase rotation of a pilot signal caused by phase noise and residual carrier frequency error, 
accumulated from channel estimation until the current OFDM symbol. For instance, this calculation can be carried out 
by integrating difference of the phase rotation information between the current OFDM symbol and the immediately 

45 previous OFDM symbol for each OFDM symbol. An output of the phase rotation accumulator 3809 is applied to a time- 
oriented moving average circuit 3810, which carries out averaging operation of the output signals of the phase rotation 
accumulator 3809 which provides the accumulated phase rotation information for each OFDM symbol, through a plu- 
rality of OFDM symbols along time axis. This moving average operation mitigates the signal degradation caused by 
thermal noise and others added in the receiving circuit 102. An output of the time-oriented moving average circuit 381 0 

so js applied to a division circuit 3811 and a delay compensator 3812. 

[0401 ] The division circuit 381 1 divides the accumulated phase rotation supplied by the time-oriented moving average 
circuit 3810 by the difference between the number of OFDM symbols used for accumulation process in the phase 
rotation accumulator 3809 and the number relating to a delay in the moving average operation. For instance, if the 
number of OFDM symbols used for accumulated phase rotation calculation is 1 0, and the time-oriented moving average 

55 circuit 3810 carries out the moving average of 3 OFDM symbols, the moving average process of 3 OFDM symbols 
generates a delay of one OFDM symbol duration, therefore, the division circuit 3811 divides a dividend by 9. As the 
accumulated phase rotation caused by phase noise becomes almost zero, the division provides phase rotation caused 
by residual carrier frequency error, per one OFDM symbol. 
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[0402] As described above, as the phase rotation of a pilot signal per one OFDM symbol is calculated by using the 
accumulated phase rotation information of each pilot signal, thermal noise and phase noise are suppressed finely at 
the latter position of a packet. The division circuit 3811 applies a phase rotation information per one OFDM symbol 
caused by residual carrier frequency error, to a delay compensator 381 2, and a phase rotation estimator 903. 

5 [0403] The delay compensator 381 2 compensates the effect of a delay included in the moving averaged accumulated 
phase rotation information provided by the time-oriented moving average circuit 3810 by using the phase rotation 
inforamtion per one OFDM symbol provided by the division circuit 381 1 , so that the accumulated phase rotation caused 
by residual carrier frequency error and phase noise in the subcarriers in each OFDM symbol is accurately obtained. 
The accumulated phase rotation provided by the delay compensator 3812 is applied to an adder 3814. 

w [0404] On the other hand, the information of the phase rotation caused by clock frequency error provided by the 
phase rotation estimator 903 is applied to the dock frequency error mitigation circuit 3806 and the adder 3814. The 
adder 381 4 adds two inputs, and provides phase rotation information caused by clock frequency error, residual carrier 
frequency error, and phase noise, and applies the sum to the phase rotation compensator 3815. The phase rotation 
compensator compensates phase rotation included in a detected signal provided by the coherent detection circuit 1 07 

15 by using the output of the adder 381 4. An output of the phase rotation compensator 381 5 is applied to a decision circuit 
112 for discrimination of a symbol. 

[0405] As described above, when pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals, residual carrier frequency error can be efficiently detected by using only a part of coherently detected 
signals, thus, the circuit structure of a common phase rotation detection block is simplified. Further, even when large 

20 noise component is included in a coherently detected signal, the reference signal point related to the pilot signal is 
correctly discriminated, and therefore, residual carrier frequency error can be accurately detected. 
[0406] Further, phase rotation component which depends upon each subcarrier caused by clock frequency error 
included in a phase rotation information in a detected signal of an output of the phase rotation detector is removed, 
and further the weight operation is earned out based upon communication quality of each subcarrier. Thus, the accuracy 

25 of phase rotation common to each subcarrier in the phase rotation detector is improved. 

[0407] Further, as the weighted phase rotation information is averaged along frequency axis, the accuracy of the 
phase rotation information is improved. Further, highly accurate phase rotation compensation can be realized, because 
the phase rotation compensation is carried out by using the cumulative phase rotation information caused by residual 
carrier frequency error and phase noise by using the accurate phase rotation information. 

30 [0408] Further, the moving average of the accumulated phase rotation information along time axis suppresses noise 
component, therefore, even when thermal noise is added to the received signal at the receiving process, the cumulative 
phase rotation information caused by residual carrier frequency error and phase noise can be accurately detected. 
[0409] Further, the moving averaged accumulated phase rotation information is divided by the number of OFDM 
symbols used for accumulation, so that phase rotation per one OFDM symbol caused by residual carrier frequency 

35 error is obtained accurately, and the error of accumulated phase rotation information added at the moving average 
operation along time axis is removed. Therefore, the accumulated phase rotation caused by residual carrier frequency 
error and phase noise can be detected further accurately. 

[0410] Further, phase rotation caused by clock frequency error can be accurately obtained, because phase rotation 
caused by clock frequency error is estimated by using accurate phase rotation information caused by carrier frequency 
40 error per one OFDM symbol. 

[041 1 ] Thus, the accurate compensation of phase rotation caused by clock frequency error, residual carrier frequency 
error and phase noise is carried out, although it is impossible in a prior art,. 

(Thirty-ninth embodiment) 

45 

[0412] Fig.39 shows a thirty-ninth embodiment, which is a modification of Fig.38, and is directed to claims 1 7, 20, 
25, 28, 31 , 32, 33, 35, 37, and 43. The same numerals in Fig.39 as those in Fig.38 show the same members. 
[0413] It is assumed in Fig.39 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 

so [0414] It is further assumed that a sampling clock frequency is synchronized with a carrier frequency in a transmitter, 
and a sampling clock frequency in a receiver is controlled so that it synchronizes with a carrier frequency in a receiver. 
[0415] An phase rotation accumulation block 3901 in Fig.39 comprises a phase difference calculator 3906, a delay 
circuit 3907, and an integration circuit 3908. A common phase rotation detection block 3900 comprises an intra-symbol 
averaging circuit 3808, a phase rotation accumulation block 3901 , a time-oriented moving average circuit 3810, a bit 

55 shift circuit 3909 and a delay compensator 3812. 

[0416] Subcarrier signals provided by a Fourier transform circuit 1 05 are applied to a channel estimator 1 06, a co- 
herent detection circuit 107 and a signal level detector 3903, which detects signal level of a part or all of subcarrier 
signals. The detected signal level is applied to an integration circuit 3904, which integrates the signal level of pilot 
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signals along time axis for each subcarrier. The integrated signal level information is applied to a bit shift circuit 3905. 
[0417] When the number of OFDM symbols for integration process in the integration circuit 3904 is expressed by 2 N 
(N is a natural integer), the bit shift circuit 3905 carries out the bit shift operation of N bits of the integrated signal level 
information of the pilot signals provided by the integration circuit 3904 so that signal level per one OFDM symbol is 

5 obtained. The bit shift operation of N bits is the same as the division by N. The bit shift operation is carried out only 
when the number of OFDM symbols which are integrated is expressed by 2 N (N is a natural integer), and an output of 
the bit shift circuit 3905 is updated. When the number of OFDM symbols is not expressed by 2 N , an output of the bit 
shift circuit 3905 keeps the value of the previous bit shift operation. When the number of OFDM symbols is one, the 
bit shift circuit 3905 outputs an input signal as it is. 

io [0418] With the above-mentioned bit shift operation, an output of the bit shift circuit 3905 is updated frequently at a 
former position of a packet, and less at latter position of a packet. However, as described before, as a signal level 
information of a pilot signal per one OFDM symbol is obtained by using integrated signal level information of pilot 
signals, thermal noise component is effectively suppressed at latter position of a packet. Therefore, the performance 
is not deteriorated even if the bit shift circuit 3905 updates less in a latter position of a packet. As a circuit structure for 

is bit shift operation is generally small, the circuit is extremely simplified by the use of a bit shift operation. An output of 
the bit shift circuit 3905 is applied to a weighting circuit 3807. 

[0419] An averaged phase rotation information provided by an intra-symbol averaging circuit 3808 is applied to a 
phase difference calculator 3906 and a delay circuit 3907, which delays an output of the intra-symbol averaging circuit 
3808 by one OFDM symbol period. The delayed phase rotation information is applied to the phase difference calculator 
20 3906, which calculates the difference between phase rotation information provided by the intra-symbol averaging circuit 
3808 and the delayed phase rotation information provided by the delay circuit 3907, and outputs the phase difference 
information signal for each OFDM symbol. 

[0420] The phase difference information signal provided by the phase difference calculator 3906 is applied to an 
integration circuit 3908, which calculates cumulative phase rotation information caused by residual carrier frequency 

25 error and phase noise by integrating the phase difference information. The cumulative phase rotation information thus 
obtained is the accumulated phase rotation information included in coherently detected signals in a current OFDM 
symbol provided by the coherent detection circuit 107, caused by residual carrier frequency error and phase noise. 
The cumulative phase rotation information provided by the integration circuit 3908 is applied to a time-oriented moving 
average circuit 3810. An output of the time-oriented moving average circuit 3810 is applied to a bit shift circuit 3909 

30 and a delay compensator 381 2. 

[0421] The bit shift circuit 3909 carries out the bit shift operation of the moving averaged cumulative phase rotation 
information provided by the time-oriented moving average circuit 3810 by N bits, when the difference between the 
number of OFDM symbols used for accumulation in the phase rotation accumulation block 3901 and a delay caused 
by the moving average operation in the time-oriented moving average circuit 3810 is expressed by 2 N . The bit shift 

35 operation is carried out only when said difference is expressed by 2 N , and updates an output of the bit shift circuit 3909. 
When said difference is not expressed by 2 N , the result of the previous bit shift operation is used as it is. When said 
difference is one, the bit shift circuit 3909 outputs an input signal as it is. An output of the bit shift circuit 3909, or the 
phase rotation information per one OFDM symbol caused by residual carrier frequency error, is applied to a delay 
compensator 3812. 

40 [0422] When condition of transmission channel by fading hardly changes within a packet, signal level of each sub- 
carrier can be obtained by integrating signal level of subcarrier for each subcarrier, and dividing the integrated value 
by the number of integration, i.e., the number of integrated OFDM symbols. In this case, since the number of OFDM 
symbols for integration becomes large at the latter position of a packet, the effect of smoothing, i.e., the effect of noise 
suppression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 

45 suppressed. Therefore, signal level information of each subcarrier can be detected with high accuracy. 

[0423] Further, as the division for obtaining signal level per one OFDM symbol is realized by bit shift operation, circuit 
structure is simplified. Further, as the bit shift operation is carried out only when the number of OFDM symbols for 
integration operation reaches 2 N (N is an integer), bit shift operation for every OFDM symbols is not required, and 
operation is less in a latter position in a packet, the power consumption is greatly reduced. 

so [0424] Thus, when channel condition hardly changes within a packet, the highly accurate phase rotation compen- 
sation, which is impossible in a prior art, is carried out with simple circuit structure and low power consumption. 

(Fortieth embodiment) 

55 [0425] Fig.40 shows a forties embodiment, which is a modification of Fig.37, and is directed to claims 26, 27, 34, 35, 
44, 46, 47, 48, 49, and 50. The same numerals in Fig.40 as those in Fig.37 show the same members. 
[0426] It is assumed in Fig.40 that pilot signals which are known are transmitted by using a part of subcarriers in 
OFDM signals. 
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[0427] It is further assumed that a sampling clock frequency in a transmitter is synchronized with a carrier frequency, 
and a sampling clock frequency in a receiver is synchronized with a carrier frequency. 

[0428] It is assumed in Fig.40 that each subcarrier signal in at least one specific OFDM symbol used for detecting 
phase rotation caused by residual carrier frequency error is so modulated that transition from a reference signal point 

5 to another reference signal point is expressed merely by code inversion, such as BPSK or QPSK. 

[0429] A common phase rotation detection block 3500 comprises an intra-symbol averaging circuit 3503, an phase 
rotation accumulation block 3501 , a time-oriented moving average circuit 3507, and a bit shift circuit 4011 . 
[0430] A synchronization circuit 4006 detects carrier frequency error and OFDM symbol timing by using preamble 
signal for synchronization in input complex baseband signals, and carries out the carrier frequency error compensation 

10 for the complex baseband signals by using the detected carrier frequency error information, then, outputs the com- 
pensated complex baseband signals, the detected OFDM symbol timing information signal, and carrier frequency error 
information signal. The compensated complex baseband signals and OFDM symbol timing information signal, which 
are provided by the synchronization circuit 4006, are applied to a guard interval removing circuit 104. Further, the 
carrier frequency error information signal provided by the synchronization circuit 4006 is applied to a phase rotation 

is estimator 4013. 

[0431] The subcarrier signals provided by a Fourier transform circuit 105 are applied to a channel estimator 106, a 
coherent detection circuit 107, and a signal level detector 4007. The signal level detector 4007 detects signal level of 
a part or all of the input subcarrier signals. The signal level information detected by the signal level detector 4007 is 
applied to an integration circuit 4008, which integrates the signal level information of pilot signals provided by the signal 
20 level detector 4007 along time axis for each subcarrier. An output of the integration circuit 4008 is applied to a bit shift 
circuit 4009. 

[0432] When the number of OFDM symbols for integration process in the integration circuit 4008 is expressed by 2 N 
(N is a natural integer), the bit shift circuit 4009 carries out the bit shift operation of N bits of the integrated signal level 
information of the pilot signals provided by the integration circuit 4008 so that signal level per one OFDM symbol is 

25 obtained. The bit shift operation of N bits is the same as the division by N. The bit shift operation is carried out only 
when the number of OFDM symbols used for integration is expressed by 2 N , and an output of the bit shift circuit 4009 
is updated upon the bit shift operation. When the number of OFDM symbols is not expressed by 2 N , the bit shift circuit 
4009 keeps the output value of the previous bit shift operation result. When the number of OFDM symbols is one, the 
bit shift circuit 4009 outputs an input signal as it is. 

30 [0433] With the above mentioned bit shift operation, an output of the bit shift circuit 4009 is updated frequently at a 
former position of a packet, and less at a latter position of a packet. However, as described before, as a signal level 
information of a pilot signal per one OFDM symbol is obtained by using integrated signal level information of pilot 
signals, thermal noise component is effectively suppressed at latter position of a packet. Therefore, the performance 
is not deteriorated even if the bit shift circuit 4009 updates less in a latter position of a packet. As a circuit structure for 

35 bit shift operation is generally small, the circuit is extremely simplified by the use of a bit shift operation. A signal level 
information of a pilot signal per one OFDM symbol calculated by the bit shift circuit 4009 is applied to a weighting circuit 
1 803, and the other weighting circuit 3502. 

[0434] A phase rotation information signal provided by the phase rotation detector31 02 is applied to a clock frequency 
error mitigation circuit 401 0. The output of a phase rotation estimator 401 3 is also applied to the clock frequency error 

40 mitigation circuit 401 0. The clock frequency error mitigation circuit 401 0 removes phase rotation caused by clock fre- 
quency error included in an output of a phase rotation detector 3102, according to phase rotation information of a 
subcarrier signal caused by clock frequency error provided by the phase rotation estimator 401 3. An output of the dock 
frequency error mitigation circuit 401 0 is applied to a weighting circuit 3502, which gives a weight to an output of the 
clock frequency error mitigation circuit 401 0 according to an output of the bit shift circuit 4009 which gives a pilot level 

45 information. The weighting operation suppresses the undesireable effect by the use of unreliable phase rotation infor- 
mation which is degraded by fading and such like. An output of the weighting circuit 3502 is applied to an intra-symbol 
averaging circuit 3503. 

[0435] On the other hand, the moving averaged cumulative phase rotation information provided by the time-oriented 
moving average circuit 3507 is applied to a bit shift circuit 4011 and a delay compensator 4012. 

so [0436] The bit shift circuit 401 1 carries out the bit shift operation of the moving averaged cumulative phase rotation 
information provided by the time-oriented moving average circuit 3507 by N bits, when the difference between the 
number of OFDM symbols used for accumulation in the phase rotation accumulation block 3501 and a delay caused 
by the moving average operation in the time-oriented moving average circuit 3507 is expressed by 2 N . The bit shift 
operation is earned out only when said difference is expressed by 2 N , and an output of the bit shift circuit 4011 is 

55 updated. When said difference is not expressed by 2 N , the bit shift circuit 4011 outputs the previous result of the bit 
shift operation. When said difference is one, the bit shift circuit 4011 outputs an input signal as it is. An output of the 
bit shift circuit 4011, or the phase rotation information per one OFDM symbol caused by residual carrier frequency 
error, is applied to a select circuit 31 06. 
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[0437] The delay compensator 401 2 compensates the effect of a delay Included In the moving averaged cumulative 
phase rotation information provided by the time-oriented moving average circuit 3507 caused by the moving average 
operation according to phase rotation information per one OFDM symbol provided by the select circuit 3106, and 
provides cumulative phase rotation information included in each subcanier signal In the OFDM symbol caused by 

5 residual carrier frequency error and phase noise. The delay compensated cumulative phase rotation information is 
provided by the delay compensator 4012. An output of the delay compensator 4012 is applied to an adder 4014. 
[0438] On the other hand, a phase rotation estimator 401 3 estimates phase rotation caused by clock frequency error 
by using carrier frequency error information provided by the synchronization circuit 4006 and residual earner frequency 
error information provided by the selector 3106. An output of the phase rotation estimator 4013 is applied to a clock 

10 frequency error mitigation circuit 4010 and an adder 401 4. The adder 4014 calculates the information of phase rotation 
caused by clock frequency error, residual carrier frequency error and phase noise by adding the cumulative phase 
rotation information caused by residual carrier frequency error and phase noise provided by the delay compensator 
4012 and the phase rotation information caused by dock frequency error provided by the phase rotation estimator 
401 3. An output of the adder 401 4 is applied to a phase rotation compensator 401 5, which compensates phase rotation 

15 of coherently detected signals caused by clock frequency error, residual carrier frequency error and phase noise pro- 
vided by the coherent detection circuit 107, by using the phase rotation information provided by the phase rotation 
estimator 4013. The phase rotation compensated signal provided by the phase rotation compensator 401 5 is applied 
to a decision circuit 112. 

[0439] When the condition of transmission channel by fading hardly changes within a packet, signal level of each 
20 subcanier can be obtained by integrati ng signal level of subcanier for each subcanier, and dividing the integrated value 
by the number of integration, i.e., the number of integrated OFDM symbols. In this case, since the number of OFDM 
symbols for integration becomes large at the latter position of a packet, the effect of smoothing, i.e., the effect of noise 
suppression, becomes large at the latter position of a packet. Thus, the effect of the thermal noise can be efficiently 
suppressed. Therefore, highly accurate signal level information of each subcanier can be detected. Moreover, as a 
25 division for obtaining signal level of a subcanier per one OFDM symbol is carried out by bit shift operation, circuit 
structure can be simplified. Further, as the bit shift operation is carried out only when the number of integrated OFDM 
symbols is expressed by 2 N , bit shift operation is not required for every OFDM symbols, and the number of bit shift 
operation is less in the latter position of a packet, thus, power consumption is extremely saved. 
[0440] Further, phase rotation detection accuracy at the common phase rotation detection block 3500 is improved, 
30 because phase rotation component, which is caused by clock frequency error, included in the phase rotation information 
of pilot signals provided by the phase rotation detector 3102 is removed by the clock frequency error mitigation circuit 
4010 and the phase rotation information, whose phase rotation component caused by clock frequency error has been 
removed, is weighted. 

[0441 ] Further, the accumulated phase rotation provided by the time-oriented moving average circuit 3507 is divided 
35 by the number of OFDM symbols used for the accumulation, so that phase rotation per one OFDM symbol caused by 
residual carrier frequency error is calculated accurately, and removing the effect of the delay relating to averaging 
process of the accumulated phase rotation along time axis according to said phase rotation information per one OFDM 
symbol. Thus, accumulated phase rotation caused by residual carrier frequency error and phase noise is further ac- 
curately detected. 

40 [0442] Further, as a division for obtaining phase rotation per one OFDM symbol caused by residual carrier frequency 
error is carried out by bit shift operation, circuit structure is simplified. Further, as the bit shift operation is carried out 
only when the number of OFDM symbols used for accumulation is expressed by 2 N , bit shift operation is not required 
for every OFDM symbols, and the number of bit shift operation is less in the latter position of a packet, thus, power 
consumption is extremely saved. 

45 [0443] Further, phase rotation caused by clock frequency error can be accurately obtained, because phase rotation 
caused by clock frequency error is estimated by using accurate phase rotation information caused by carrier frequency 
error per one OFDM symbol. 

[0444] Thus, accurate compensation of phase rotation caused by clock frequency error, residual carrier frequency 
error and phase noise can be carried out with simple circuit structure and small power consumption, although it is 
so impossible in a prior art. 

(Forty-first embodiment) 

[0445] Fig.41 shows a forty-first embodiment, which is a modification of Fig.37, and is directed to claims 26, 44, 46, 
55 47, 49, and 51 . The same numerals in Fig.41 as those in Fig.37 show the same members. 

[0446] It is assumed in Fig.41 that pilot signals which are known are transmitted by using a part of subcamers in 
OFDM signals. 

[0447] It is assumed in Fig.41 that each subcanier signal in at least one specific OFDM symbol which is used for 
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detecting phase rotation caused by residual carrier frequency error is modulated so that transition from a reference 
signal point to another reference signal point is expressed merely by code inversion, such as BPSK and QPSK. 
[0448] A common phase rotation detection block 4100 in Fig.41 comprises an intra-symbol averaging circuit 3503, 
a phase difference calculator 3504, a delay circuit 3505, and a time-oriented moving average circuit 4101 . 

5 [0449] Phase difference information signal provided by a phase difference calculator 3504 is applied to a time-ori- 
ented moving average circuit 4101 . The phase difference information signal indicates a phase rotation information per 
one OFDM symbol caused by residual carrier frequency error for each OFDM symbol The time-oriented moving av- 
erage circuit 4101 carries out moving average of the phase difference information provided by the phase difference 
calculator 3504 along time axis through a plurality of OFDM symbols. The moving average operation suppresses the 

io undesirable effect of thermal noise added at a receiving circuit 102, so that phase rotation per one OFDM symbol 
caused by residual carrier frequency error is accurately detected. The moving averaged phase rotation information 
provided by the time-oriented moving average circuit 4101 is applied to a selector 3106. 

[0450] Thus, the current embodiment provides highly accurate compensation of phase rotation caused by residual 
carrier frequency error, which is impossible in a prior art. 

15 

(Forty-second embodiment) 

[0451] Fig.42 shows a forty-second embodiment, which is a modification of Fig.1 7, and is directed to claims 1 7 and 
36. The same numerals in Fig.42 as those in Fig. 17 show the same members. 
20 [0452] Further, it is assumed in Fig.42 that carrier frequency and clock frequency are synchronized with each other 
in a transmitter, and clock frequency is controlled in a receiver so that it synchronizes with carrier frequency. 
[0453] A residual carrier frequency error detection block 4200 in Fig.42 comprises a phase rotation information de- 
tector 1 701 , and a common phase rotation detection block 4201 . The common phase rotation detection block 4201 
comprises an intra-symbol averaging circuit 4202, a phase difference calculator 4203, a delay circuit 4204 and a time- 
rs oriented moving average circuit 4205. 

[0454] The phase rotation information signal provided by the phase rotation information detector 1 701 is applied to 
an intra-symbol averaging circuit 4202, which averages the phase rotation information provided by the phase rotation 
information detector 1701 within one OFDM symbol. The averaged phase rotation information signal provided by the 
intra-symbol averaging circuit 4202 is applied to a phase difference calculator 4203 and a delay circuit 4204. The delay 
30 circuit 4204 delays the averaged phase rotation information signal provided by the intra-symbol averaging circuit 4202 
by one OFDM symbol duration. The delayed phase rotation information signal is applied to the phase difference cal- 
culator 4203, which calculates the difference between the phase rotation information provided by the intra-symbol 
averaging circuit 4202 and the delayed phase rotation information provided by the delay circuit 4204, and outputs the 
calculated phase difference information for each OFDM symbol. The phase difference information signal is applied to 
35 a time-oriented moving average circuit 4205. Said phase difference information signal indicates a phase rotation caused 
by residual carrier frequency error per one OFDM symbol and is outputted for each OFDM symbol. The time-oriented 
moving average circuit 4205 averages the phase difference information provided by the phase difference calculator 
4203 along time axis through a plurality of OFDM symbols. The moving average operation suppresses the undesirable 
effect of thermal noise added at a receiving circuit 102, and phase rotation per one OFDM symbol caused by residual 
40 carrier frequency error is accurately detected. The moving averaged phase rotation information per one OFDM symbol 
provided by the time-oriented moving average circuit 4205 is applied to a phase rotation estimator 903. 
[0455] Thus, the current embodiment realizes highly accurate compensation of phase rotation caused by clock fre- 
quency error, which is impossible in a prior art. Moreover, the above-mentioned compensation is earned out through 
digital process, no complicated analog circuit is required, and power consumption is suppressed. 

45 

APPLICAATION TO INDUSTRIAL FIELD 

[0456] As described in detail, even when there exists an error in sampling clock frequencies between a transmitter 
and a receiver, OFDM signals can be accurately demodulated by using a simple digital circuit. Further, even when 
so there exists an error of carrier frequencies between a transmitter and a receiver and/or phase noise is superimposed 
on a received signal, OFDM signals can be accurately demodulated by using a simple circuit with small process delay. 
Further, even when thermal noise is added to received signal in a receiver, degradation of communication quality can 
be reduced by using a simple circuit with no decrease of transmission efficiency. 

[0457] Moreover, as phase rotation of a coherently detected signal is detected through weighting operation which 
55 uses channel estimation result and averaging operation, the phase rotation compensation is less affected by fading 
and/or thermal noise. 

[0458] Further, pilot signals which are known are used for detecting phase rotation or accumulated phase rotation 
caused by clock frequency error, a circuit for detecting the phase rotation is simplified. 
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Claims 

1 . An OFDM packet communication receiver comprising; 

a receiving means (102) for receiving OFDM signals and carrying out a predetermined process to said OFDM 
signals, 

a synchronization means (103) for timing synchronization and carrier frequency synchronization for the re- 
ceived OFDM signals provided by said receiving means (102), 

a Fourier transform means (105) for carrying out Fourier transform of said received OFDM signals provided 
by said synchronization means to divide them into subcarrier signals for each OFDM symbol , 
a channel estimation means (1 06) for estimating channel condition of each subcarrier by using the subcarrier 
signals divided by said Fourier transform means, 

a coherent detection means (1 07) for carrying out coherent detection of the subcarrier signals divided by said 
Fourier transform means by using the channel estimation result provided by said channel estimation means, 
CHARACTERIZED IN THAT 

a clock frequency error estimation means (1 00) for detecting phase rotation or accumulated phase rotation of 
a part or all of the coherently detected signals provided by the coherent detection means caused by clock 
frequency error between a transmitter and a receiver by detecting phase difference between the coherently 
detected signal (R1, R2) and a reference signal (S1 through S16), and generating phase rotation information 
(A6) of each subcarrier signal caused by said clock frequency error (fpctx " ^tclk)> 

a phase rotation compensation means (1 09) for compensating the phase rotation of the coherently detected 
signals provided by said coherent detection means caused by clock frequency error according to said phase 
rotation information generated by said clock frequency error estimation means, and 

a decision means (112) for decision processing for the phase compensated coherently detected signals pro- 
vided by said phase rotation compensation means. 

2. An OFDM packet communication receive system according to claim 1 , wherein 

said clock frequency error estimate means comprises 

weight means for weighting said phase rotation from a phase of a related reference signal in an output of said 
coherent detection means according to signal quality of each sub-carrier obtained in said channel estimate 
means, 

smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
rotation is used for measuring phase rotation or accumulated phase rotation caused by clock frequency error 

3. An OFDM packet communication receiver of claim 1 , wherein 

said clock frequency error estimation means estimates phase rotation or accumulated phase rotation of pilot 
signals included in the coherently detected signals provided by said coherent detection means caused by clock 
frequency error. 

4. An OFDM packet communication receive system according to claim 1 , wherein 

said clock frequency error estimate means comprises 

weight means for weighting phase rotation of a pilot signal from a reference signal point, included in an output 
of said coherent detection means, 

smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
rotation is used for detecting phase rotation or accumulated phase rotation caused by clock frequency error. 

5. An OFDM packet communication receive system comprising; 

a receiving means for receiving OFDM signals and canying out a predetermined process to said OFDM signals, 
a synchronization means for timing synchronization and carrier frequency synchronization for the received 
OFDM signals provided by said receiving means, 

a Fourier transform means for carrying out Fourier transform of said received OFDM signals provided by said 
synchronization means to divide them into subcarrier signals for each OFDM symbol, 
a channel estimation means for estimating channel condition of each subcarrier by using the subcarrier signals 
divided by said Fourier transform means, 

a coherent detection means for carrying out coherent detection of the subcarrier signals divided by said Fourier 



42 



EP 1 172 956 A1 



transform means by using the channel estimation result provided by said channel estimation means, 
a phase rotation compensation means for compensating phase rotation of the coherently detected signals 
provided by said coherent detection means caused by clock frequency error, 
a clock frequency error estimation means for detecting phase 
s rotation of a part or all of the phase compensated coherently detected 

signals provided by the phase rotation compensation means caused by clock frequency error , generating 
phase rotation information of each subcarrier signal caused by said clock frequency error, and applying gen- 
erated phase rotation information to said phase rotation compensation means. 

10 6. An OFDM packet communication receive system according to claim 5, wherein 

said clock frequency error estimation means comprises 

weight means for weighting phase rotation of a part or all of detected signal from a reference signal point in 
an output of said coherent detection means according to signal quality of each sub-carrier obtained in said 
*5 channel estimate means, 

smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
rotation is used to detect phase rotation caused by clock frequency error. 

7. An OFDM packet communication receive system according to claim 5, wherein 

20 said clock frequency error estimation means estimates phase rotation of pilot signals included in the phase 

compensated coherently detected signals provided by said phase rotation compensation means caused by clock 
frequency error. 

8. An OFDM packet communication receive system according to claim 5, wherein 

25 

said clock frequency error estimation means comprises 

weight means for weighting phase rotation of a pilot signal from a reference signal point, included in an output 
of said coherent detection means, 

smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
30 rotation is used for detecting said phase rotation caused by clock frequency error. 

9. An OFDM packet communication receiver comprising; 

a receiving means for receiving O FDM signals and carrying out a predetermined process to said OFDM signals, 
35 a synchronization means for timing synchronization and carrier frequency synchronization for the received 

OFDM signals provided by said receiving means, 

a Fourier transform means for carrying out Fourier transform of said received OFDM signals provided by said 

synchronization means to divide them into subcarrier signals for each OFDM symbol, 

a channel estimation means for estimating channel condition of each subcarrier by using the subcarrier signals 

40 divided by said Fourier transform means, 

a coherent detection means for carrying out coherent detection of the subcarrier signals divided by said Fourier 
transform means by using the channel estimation result provided by said channel estimation means, 
a residual carrier frequency error estimation means for estimating phase rotation of a part or all of an output 
of said coherent detection means caused by residual carrier frequency error, 

45 a phase rotation estimation means for estimating phase rotation of the coherently detected signal provided by 

said coherent detection means caused by clock frequency error according to carrier frequency error information 
supplied by said synchronization means and residual carrier frequency error information supplied by said 
residual carrier frequency error estimation means, 

a phase rotation compensation means for compensating phase rotation of coherently detected signal provided 
50 by said coherent detection means caused by clock frequency error according to phase rotation information 

supplied by said phase rotation estimation means. 

10. An OFDM packet communication receive system according to claim 9, further comprising 

55 weight means for weighting said phase rotation from a reference phase point of a detected signal in an output 

of said coherent detection means according to signal quality of each sub-carrier obtained in said channel 
estimation means, 

smooth means for smoothing the weighted phase rotation along time axis, so that the weighted and smoothed 
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phase rotation is applied to said residual carrier frequency error estimation means. 

11 . An OFDM packet communication receiver according to claim 9, wherein said residual carrier frequency error es- 
timation means detects phase rotation of a coherently detected signal caused by residual earner frequency error 

5 according to phase rotation of a pilot signal provided by said coherent detection means. 

12. An OFDM packet communication receive system according to claim 9, further comprising 

weight means for weighting phase rotation of a pilot signal from a reference signal point, included in an output 
10 of said coherent detection means, 

smooth means for smoothing weighted phase rotation along time axis, so that the weighted and smoothed 
phase rotation is applied to said residual carrier frequency error estimation means. 

13. An OFDM packet communication receiver comprising; 

a receiving means for receiving OFDM signals and carrying out a predetermined process to said OFDM signals, 
a synchronization means for timing synchronization and carrier frequency synchronization for the received 
OFDM signals provided by said receiving means, 

a Fourier transform means for carrying out Fourier transform of said received OFDM signals provided by said 
synchronization means to divide them into subcarrier signals for each OFDM symbol, 
a channel estimation means for estimating channel condition of each subcarrier by using the subcarrier signals 
divided by said Fourier transform means, 

a coherent detection means for carrying out coherent detection of the subcarrier signals divided by said Fourier 
transform means by using the channel estimation result provided by said channel estimation means, 
a first phase rotation estimation means for estimating phase rotation of each subcarrier signal caused by clock 
frequency error according to carrier frequency error information supplied by said synchronization means, 
a first phase rotation compensation means for compensating phase rotation of coherently detected signals 
provided by said coherent detection means caused by clock frequency error according to phase rotation in- 
formation provided by said first phase rotation estimation means, 

a residual carrier frequency error estimation means for estimating phase rotation of a part or all of phase 
compensated signals provided by said first phase rotation compensation means caused by residual carrier 
frequency error, 

a second phase rotation estimation means for estimating residual phase rotation caused by clock frequency 
error of the phase compensated signal provided by said first phase rotation compensation means according 
to the residual carrier frequency error information supplied by said residual carrier frequency error estimation 
means, 

a second phase rotation compensation means for compensating residual phase rotation of the phase com- 
pensated signal provided by said first phase rotation compensation means caused by clock frequency error 
according to the residual phase rotation information supplied by said second phase rotation estimation means. 

14. An OFDM packet communication receive system according to claim 13, further comprising 

weight means for weighting phase rotation from a reference signal point of an output of said first phase rotation 
compensation means according to signal quality of each sub-carrier obtained in said channel estimate means, 
smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
rotation is applied to said residual carrier frequency error estimation means. 

15. An OFDM packet communication receiver according to claim 13, wherein said residual carrier frequency error 
estimation means estimates phase rotation of pilot signals included in the phase compensated signals provided 
by said first phase compensation means caused by residual carrier frequency error. 

16. An OFDM packet communication receive system according to claim 13, further comprising 

weight means for weighting phase rotation from a reference point of a pilot signal in an output of said first 
55 phase rotation compensation means according to signal quality of each sub-carrier obtained in said channel 

estimate means, 

smooth means for smoothing weighted phase rotation along time axis, so that weighted and smoothed phase 
rotation is applied to said residual carrier frequency error estimation means. 
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17. An OFDM packet communication receiver according to claim 9 or 13 wherein said residual carrier frequ ency error 
estimation means comprises a phase rotati on information extraction means for extracting phase rotation informa- 
tion from a part or all of the inpu t signals of said residual carrier frequency error e stimation means, and a common 
phase rotation detecti on means which detects phase rotation common to all the subcarrier signals caused by 

5 residual carrier fr equency error according to phase rotation informatio n extracted by said phase rotation informa- 

tion extra ction means. 

18. An OFDM packet communication receiver comprising; 

a receiving means for receiving OFDM signals and carrying out a predetermined process to said OFDM signals, 
a synchronization means for timing synchronization and carrier frequency synchronization for the received 
OFDM signals provided by said receiving means, 

a Fourier transform means for carrying out Fourier transform of said received OFDM signals provided by said 
synchronization means to divide them into subcarrier signals for each OFDM symbol, 
a channel estimation means for estimating channel condition of each subcarrier by using the subcarrier signals 
divided by said Fourier transform means, 

a coherent detection means for carrying out coherent detection of the subcarrier signals divided by said Fourier 
transform means by using the channel estimation result provided by said channel estimation means, 
a phase rotation information extraction means for extracting phase rotation information from a part or all of 
the output signals of said coherent detection means, 

a signal quality extraction means for extracting signal quality information of a part or all of the subcarrier signals 
divided by said Fourier transform circuit, 

a smoothing means for smoothing said signal quality information of each subcarrier provided by said signal 
quality extraction means along time axis, 

a weighting means for weighting said phase rotation information provided by said phase rotation information 
extraction means according to smoothed signal quality information provided by said smoothing means, 
a common phase rotation detection means for detecting phase rotation of the coherently detected signals 
provided by said coherent detection means caused by residual carrier frequency error according to said weight- 
ed phase rotation information, and 

a phase rotation compensation means for compens ating phase rotation of the coherently detected sign als 
provided by said coherent detection means accord ing to the estimated phase rotation information prov ided 
by said common phase rotation estimation means. 

An OFDM packet communication receiver according to claim 18, wherein said common phase rotation detection 
means comprises an intra-symbol averaging means for averaging phase rotation information inputted to said com- 
mon phase rotation detection means in one OFDM symbol, and a moving average means for carrying out moving 
average of said averaged signal in one OFDM symbol along time axis. 

20. An OFDM packet communication receiver according to claim 17 or 18, wherein said phase rotation information 
40 extraction means comprises a pilot signal extraction means for extracting pilot signals from the coherently detected 

signals inputted to said phase rotation information extraction means, a reference signal generating means for 
generating reference signals corresponding to the pilot signals, and a phase rotation detection means for detecting 
phase rotation of the extracted pilot signals according to the reference signals. 

45 21. An OFDM packet communication receiver according to claim 17 or 18, wherein said phase rotation information 
extraction means comprises a specific symbol signal extraction means for extracting coherently detected signals 
in predetermined specific OFDM symbols inputted to said phase rotaion information extraction means, a reference 
signal generating means for generating reference signals corresponding to said coherently detected signals pro- 
vided by said specific symbol signal extraction means, and a phase rotation detection means for detecting phase 

so rotation of said coherently detected signals provided by said specific symbol signal extraction means according 

to said reference signals provided by said reference signal generating means. 

22. An OFDM packet communication receiver according to claim 21 , wherein said reference signal generating means 
comprises a hard decision means for carrying out hard decision to the detected signals in the specific OFDM 

55 symbols provided by said specific symbol signal extraction means. 

23. An OFDM packet communication receiver according to claim 20 and 21 , wherein said phase rotation detection 
means comprises a reverse modulation means for detecting phase rotation by reverse modulation. 
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24. An OFDM packet communication receiver according to claims 20 and 21, wherein said phase rotation detection 
means comprises a sign control means for detecting phase rotation by utilizing sign reverse control according to 
the reference signals provided by said reference signal generating means. 

5 25. An OFDM packet communication receiver according to claim 17, further comprising; 

a weight coefficient calculation means for calculating weight coefficient for each subcarrier signal correspond- 
ing to the signal quality information obtained by the result of channel estimation, 

a weighting means for weighting phase rotation information provided by said phase rotation information de- 
*0 tection means according to said weight coefficient of each subcarrier signal provided by said weight coefficient 

calculation means, 

and said common phase rotation detection means detects phase rotation common to each subcarrier signal 
caused by residual carrier frequency error according to phase rotation information supplied by said weighting 
circuit. 

15 

26. (Fig.31) An OFDM packet communication receiver comprising; 

a receiving means for receiving OFDM signals and carrying out a predetermined process to said OFDM signals, 
a synchronization means for timing synchronization and carrier frequency synchronization for the received 

20 OFDM signals provided by said receiving means, 

a Fourier transform means for carrying out Fourier transform of said received OFDM signals provided by said 
synchronization means to divide them into subcarrier signals for each OFDM symbol, 
a channel estimation means for estimating channel condition of each subcarrier by using the subcarrier signals 
divided by said Fourier transform means, 

25 a coherent detection means for carrying out coherent detection of the subcarrier signals divided by said Fourier 

transform means by using the channel estimation result provided by said channel estimation means, 
specific symbol signal extraction means for extracting coherently detected signals in at least one specific 
OFDM symbol provided by said coherent detection means, 

a hard decision means for carrying out hard decision to the coherently detected signals extracted by said 
30 specific symbol signal extraction means, 

a first phase rotation detection means for detecting phase rotation of said extracted signals provided by said 
specific symbol signal extraction means according to the hard decision result provided by said hard decision 
means, 

a weight coefficient calculation means for calculating weight coefficient of each subcarrier signal corresponding 
35 to the signal quality according to the result of channel estimation provided by said channel estimation means, 

a weighting means for weighting phase rotation information detected by said first phase rotation detection 
means according to said weight coefficient of each subcarrier signal, 

a first common phase rotation detection means for detecting phase rotation common to each subcarrier signal 
caused by residual carrier frequency error according to said weighted phase rotation information provided by 
40 said weighting means, 

a pilot signal extraction means for extracting pilot signals from the coherently detected signals provided by 
said coherently detection means, 

a reference signal generating means for generating reference signals corresponding to the pilot signals ex- 
tracted by said pilot signal extraction means, 
45 a second phase rotation detection means for detecting phase rotation of the pilot signals provided by said pilot 

signal extraction means, 

a second common phase rotation detection means for detecting phase rotation common to each subcarrier 
signal caused by residual carrier frequency error according to the phase rotation information provided by said 
second phase rotation detection means, 
so a selection means for selecting one of the outputs of said first common phase rotation detection means and 

said second common phase rotation detection means according to the number of OFDM symbols provided 
by said coherent detection means, 

a phase rotation estimation means for estimating phase rotation caused by residual carrier frequency error of 
the coherently detected signals provided by said coherent detection means according to the selected phase 
S5 rotation information provided by said selection means, 

a phase rotation compensation means for compensating phase rotation of the coherently detected signals 
provided by said coherent detection means according to the phase rotation information provided by said phase 
rotation estimation means. 
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27. An OFDM packet communication receiver according to claim 26, wherein 

clock frequency is synchronized with carrier frequency in both a transmitter and a receiver, 
phase rotation estimation means is provided for estimating phase rotation of the coherently detected signals 
5 provided by said coherent detection means caused by clock frequency error according to the carrier frequency 

error information provided by said synchronization means and phase rotation information caused by residual 
carrier frequency error provided by said selection means, and 

said phase rotation compensation means compensates phase rotation of the coherently detected signals pro- 
vided by said coherent detection means according to the phase rotation information provided by said phase 
10 rotation estimation means. 

28. (Fig.39) An OFDM packet communication receiver according to claim 25, 26, or 27, wherein 

a signal quality extraction means is provided for extracting signal quality information of a part or all of subcarrier 
15 signals divided by said Fourier transform means, 

a signal quality smoothing means is provided for smoothing the signal quality information provided by said 
signal quality extraction means for each subcarrier along time axis, 

said weight means weights to the phase rotation information according to smoothed signal quality informaton 
of the coherently detected signals provided by said signal quality smoothing means. 

20 

29. (Fig.20) An OFDM packet communication receiver according to claim 1 8 or 28, wherein 

said signal quality smoothing means carries out moving average process to signal quality information of 
coherently detected signals provided by said signal quality extraction means along time axis for each subcarrier. 

25 30. (Fig.21) An OFDM packet communication receive system according to claim 18 or 28, wherein 

said signal quality smoothing means integrates the signal quality information of the coherently detected sig- 
nals provided by said signal quality extraction means along time axis, and divides said integrated value by the 
number of signals thus integrated. 

30 31. (Fig.22) An OFDM packet communication receive system according to claim 18 or 28, wherein 

said signal quality smoothing means integrates the signal quality information of the coherently detected sig- 
nals provided by said signal quality extraction means along time axis, and divides said integrated value by bit 
shifting of N bits when the number of signals thus integrated can be expressed by 2** (N is a natural integer). 

35 32. (Fig.38) An OFDM packet communication receive system according to claim 25 or 28, wherein 

a clock frequency error mitigation means is provided for reducing phase rotation of the phase rotation infor- 
mation provided by said phase rotation information detection means caused by clock frequency error according 
to of the phase rotation information provided by said phase rotation estimation means, 
40 said weighting means weights the phase rotation information provided by said clock frequency error mitigation 

means. 

33. (Fig.38) An OFDM packet communication receiver according to claim 17 or 20, wherein 

45 said common phase rotation detection means (3801) comprises; 

an intra-symbol averaging means (3808) for carrying out averaging process to the phase rotation information 
within one OFDM symbol provided by the phase rotation detection means, 

a phase rotation accumulation means (3809) for calculating accumulated phase rotation from that time on the 
channel estimation according to the averaged phase rotation information provided by said intra-symbol aver- 
so aging means, 

a moving average means (3810) for carrying out moving average process along time axis to the accumulated 
phase rotation information provided by said phase rotation accumulation means, 

a division means (3811) for dividing moving averaged accumulated phase rotation provided by said moving 
average means by a difference between the number of OFDM symbols used for the accumulation and the 
55 number of delayed OFDM symbols caused by moving average process so that phase rotation caused by 

residual carrier frequency error for one OFDM symbol is obtained. 

34. (Fig.35) An OFDM packet communication receiver according to claim 26 or 27, wherein said second common 
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phase rotation detection means (3500) comprises; 

an intra-symbol averaging means (3503) for carrying out averaging process within one OFDM symbol to the 

phase rotation information provided by said second phase rotation detection means (3102), 

a phase rotation accumulation means (3501) for calculating accumulated phase rotation from that tim e on 

the channel estimation according to the phase r otation information provided by said inter-symbol av eraging 

means, 

a time-oriented moving average means (3507) for carrying out moving average process along time axis to the 
accumulated phase rotation information provided by said phase rotation accumulation means, 
a division means (3508) for dividing moving averaged accumulated phase rotation provided by said moving 
average means by a difference between the number of OFDM symbols used for the accumulation and the 
number of delayed OFDM symbols caused by the moving average process so that phase rotation caused by 
residual carrier frequency error for one OFDM symbol is obtained. 

35. (Fig.35) An OFDM packet communication receiver according to claim 33 or 34, wherein said phase rotation accu- 
mulation means (3501 ) comprises 

a delay means (3505) for delaying the averaged phase rotation information within one OFDM symbol by one 
OFDM symbol period, 

a phase difference calculation means (3504) for calculating difference between the averaged phase rotation 
information provided by said inter-symbol averaging means and the delayed phase rotation information pro- 
vided by said delay means so that phase rotation for each OFDM symbol is obtained, 
an integration means (3506) for integrating the phase rotation information provided by said phase difference 
calculation means. 

36. (Fig.42) An OFDM packet communication receiver according to claim 17, wherein 

said common phase rotation detection means (4201 ) comprises 

an intra-symbol averaging means (4202) for averaging phase rotation information applied to said common 
phase rotation detection means (4201) within one OFDM symbol, 

a delay means (4204) for delaying the averaged phase rotation information provided by said inter-symbol 
averaging means by one OFDM symbol period, 

a phase difference calculation means (4203) for calculating the difference between the averaged phase rotation 
information provided by said inter-symbol averaging means and the delayed phase rotation information pro- 
vided by said delay means so that phase rotation for each OFDM symbol is obtained, 
a time-oriented moving average means (4205) for carrying out moving average process along time axis to the 
phase rotation information provided by said phase difference calculation means . 

37. (Fig.39) An OFDM packet communication receiver according to claim 33 or 34, wherein 

said division means comprises a bit shift means for carrying out the division process by bit shift operation of 
N bits when a divisor can be expressed by 2* (N is a natural integer). 

38. (Fig.23) An OFDM packet communication receiver according to claim 18, wherein 

said common phase rotation detection means (2300) comprises 

a phase rotation accumulation means (2301) for calculating accumulated phase rotation from that time on the 
channel estimation according to the phase rotation information provided by said weighting means (1803), 
an intra-symbol averaging means (2302) for averaging the accumulated phase rotation information provided 
by said phase rotation accumulation means within one OFDM symbol period, 

a time-oriented moving average means (2303) for carrying out moving average process along time axis to the 
averaged accumulated phase rotation information provided by said intra-symbol averaging means, 
a division means (2304) for dividing moving averaged accumulated phase rotation information provided by 
said time-oriented moving average means by a difference between the number of OFDM symbols used for 
the accumulation and the number of delayed OFDM symbols caused by the moving average process along 
time axis so that phase rotation caused by residual carrier frequency error for one OFDM symbol is obtained, 
a delay compensation means (2305) for compensating phase error of the phase rotation information provide 
by said time-oriented moving average means caused by the moving average process along time axis according 
to the information of phase rotation per one OFDM symbol caused by residual carrier frequency error provided 
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by said division means. 

39. (Fig.24) An OFDM packet communication receiver according to claim 34 or 38, wherein 

said division means comprises a bit shift means for carrying out division process by bit shift operation of N 
5 bits when a divisor can be expressed by 2*^ (N is a natural integer). 

40. (Fig.30) An OFDM packet communication receiver according to claim 18, wherein said common phase rotation 
detection means comprises 

10 an intra-symbol averaging means (2903) for carrying out averaging process to the weighted phase rotation 

information per one OFDM symbol provided by said weighting means, 

a unit amount calculation means (2807) for calculating phase rotation of the coherently detected signals for 
one OFDM symbol caused by residual carrier frequency error according to the averaged accumulated phase 
rotation information provided by said inter-symbol averaging means, 
'5 a phase rotation estimation means (2801) for estimating phase rotation provided by said coherent detection 

means caused by residual carrier frequency error according to the phase rotation information for one OFDM 
symbol caused by residual carrier frequency error provided by said unit amount calculation means. 

41. (Fig.30) An OFDM packet communication receiver according to claim 40, further comprising; 

20 a weight coefficient calculation means (2802) for calculating weight coefficient corresponding to the signal 

quality of each subcarrier signal according to channel estimation result provided by said channel estimation means 
(106), so that said weighting means (1803) weights phase rotation information provided by said phase rotation 
information detection means (3000) according to the signal quality supplied by said weight coefficient calculation 
means. 

25 

42. (Fig.30) An OFDM packet communication receiver according to claim 40 or 41 , wherein 

when the signal provided by said weighting means is vector signal, 

said intra-symbol averaging means comprises an intra-symbol vector sum calculation means (2903) for car- 
30 ryjng out averaging process to the phase component of said vector signal by summing the vector signals 

provided by said weighting means within one OFDM symbol, and a vector phase detection means (2904) for 
detecting phase of said vector sum provided by said intra-symbol vector sum calculation means. 

43. (Fig.38) An OFDM packet communication receive system according to claim 33, further comprising 

35 

a delay compensation circuit (381 2) for compensating phase error due to process delay in time-oriented moving 
average included in accumulated phase rotation which is subject to moving average according to an output 
of said division circuit (3811) providing a phase rotation per one OFDM symbol caused by said residual carrier 
frequency error of an output of said division means, and 
to an addition means (381 4) for adding accumulated phase rotation of an output of said delay circuit (381 2), and 

phase rotation due to clock frequency error of an output of said phase rotation estimate circuit (903), 

wherein said phase rotation compensation circuit (3815) compensates phase rotation caused by clock fre- 
quency error and residual carrier frequency error according to an output of said add circuit (3814). 

45 

44. (Fig.32) An OFDM packet communication receiver according to claim 26 or 27, wherein said first common phase 
rotation detection means (3200) comprises 

an intra-symbol averaging means (3201) for carrying out averaging process to said weighted phase rotation 
so information provided by said weighting means (1 B03) within one OFDM symbol, 

a unit amount calculation means (3202) for calculating phase rotation of the coherently detected signals caused 
by residual carrier frequency error for one OFDM symbol according to the averaged accumulated phase ro- 
tation information provided by said inter-symbol averaging means. 

55 45. (Fig.36) An OFDM packet communication receiver according to claim 26 or 27, wherein said first phase rotation 
detection means comprises a reverse modulation means (3601) for detecting said phase rotation by reverse mod- 
ulation. 
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46. (Fig.37) An OFDM packet communication receiver according to claim 26 or 27, wherein said first phase rotation 
detection means comprises a sign control means (3701) for detecting said phase rotation by carrying out sign 
inversion control according to the result of hard decision provided by said hard decision means (2804). 

5 47. (Fig.37) An OFDM packet communication receive system according to claim 26 or 27, wherein phase rotation of 
an output of said second phase rotation detection circuit (3102) is weighted by a second weighting means (3502) 
according to weight coefficient of each sub-carrier. 

48. (Fig.40) An OFDM packet communication receiver according to claim 47, wherein 

10 

a clock frequency error mitigation means (4010) is provided for compensating phase error of the phase rotation 
information provided by said second phase rotation detection means (3102) caused by clock frequency error 
according to the phase rotation information generated by said phase rotation estimation means (4013) , and 
said second weighting means (3502) weights to the phasecompensated phase rotation inf ormation provided 
*5 by said clock frequency error mitigation means. 

49. (Fig.41) An OFDM packet communication receiver according to claim 26 or 27, wherein; 

when the signal provided by said weighting means (1803) is vector signal, 
20 said intra-symbol averaging means comprises an intra-symbol vector sum calculation means (3602) for car- 

rying out averaging process to the phase component of said vector signal by summing the vector signals 
provided by said weighting means (1803) within one OFDM symbol, and a vector phase detection means 
(3603) for detecting phase of said vector sum provided by said inter-symbol vector sum calculation means. 

25 so. (Fig.40) An OFDM packet communication receiver according to claim 34, wherein 

a delay compensation means (401 2) for compensating phase error of the phase rotation information provided 
by said time-oriented moving average means caused by moving average process along time axis according 
to the information of phase rotation per one OFDM symbol caused by residual carrier frequency error provided 
30 by said selection means (31 06), and 

an addition means (4014) for adding delay-compensated accumulated phase rotation information provided by 
said delay compensation means, and phase rotation compensation means for compensating phase rotation 
caused by clock frequency error and residual carrier frequency error according to the signals provided by said 
addition means. 

35 

51. (Fig.41) An OFDM packet communication receiver according to claim 26 or 27, wherein said second common 
phase rotation detection means (4100) comprises 

an intra-symbol averaging means (3503) for carrying out averaging process to phase rotation information 
40 applied to the second common phase rotation detection means within one OFDM symbol, 

a delay means (3505) for delaying said averaged phase rotaion information provided by said intra-symbol 
averaging means by one OFDM symbol period, 

a phase difference calculation means (3504) for calculating phase rotation for each OFDM symbol between 
averaged phase rotation inforamtion provided by said intra-symbol averaging means and a delayed phase 
45 rotation information provided by said delay means, and 

a time-oriented moving average means (4101) for carrying out moving average process along time axis to 
said phase rotation information for each OFDM symbol provided by said phase difference calculation means . 
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